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Abstract 
Road vehicles are a major source of airborne nanoparticles (<100 nm) and 
particulate matter (PM), including PM10 (≤10 µm), PM2.5 (≤2.5 µm) and PM1 (≤1 µm) 
emissions. Over 99% of particles, by number, are reprsented by particles below 300 
nm in diameter in polluted urban environments. The small size of particles in the nano-
size range enables them to enter deeper into the lungs, causing both acute and chronic 
adverse health effects such as asthma, cardiovascular and ischemic heart diseases. The 
issue of air pollution becomes more prominent at urban traffic hot-spots such as traffic 
intersections (TIs), where pollution pockets are created due to frequently changing 
driving conditions. Recent trends suggest an exponential increase in travel demand 
and travelling time in the UK and elsewhere over the years, which indicate a growing 
need for the accurate characterisation of exposure at TIs since exposure at these hot-
spots can contribute disproportionately high to overall commuting exposure. Based on 
field observations, this thesis aims (i) to investigate the traffic driving conditions in 
which TIs become a hotspot for nanoparticles and PM, (ii) to estimate the extent of 
road that is affected by high particle number concentrations (PNCs) and PM due to 
presence of a signal, (iii) to assess the vertical and horizontal variations in PNC and 
PMC at different TIs, (iv) to estimate the associated in-cabin and pedestrian exposure 
at TIs, and finally (v) to predict PNCs by using freely available models of air pollution 
at TIs. 
For this thesis, two sets of experiments (i.e. mobile- and fixed-sites) were 
carried out to measure airborne nanoparticles and PM in the size range of (0.005-10 
µm) using a fast response differential mobility spectrometer (DMS50) and a GRIMM 
particle spectrometer (1.107 E). Mobile measurements were made on a circle passing 
ix 
 
through 10 TIs and fixed-site measurements were carried out at two different types of 
TIs (i.e. 3- and 4-way). Dispersion modelling was then performed by using California 
Line Source (CALINE4) and California Line Source for Queueing and Hotspot 
Calculations (CAL3QHC) at TIs. 
Several important findings were then extrapolated during the analysis. These 
findings indicated that congested TIs were found to become hot-spots when vehicle 
accelerate from idling conditions. The average length of road in longitudinal direction 
that is affected by high PNCs and PM was found to be highest (148 m; 89 to –59 m 
from the center of a TI) at a 3-way TI with built up area and lowest at 4-way TI with 
built-up area (79 m; 46 to –33 m). Vertical PNCs, horizontal PNCs and PM profiles 
followed an exponential decay. Exponential decay of PNCs in the vertical direction 
was much sharper at the 4-way TI than at the 3-way TI. Based on tracer gas method, 
particle number emission factors (PNEFs) during congested and free flow driving 
conditions were also estimated. The results showed that the PNEF during congested 
conditions can be up to 9 times higher than those during free flow conditions at a TI. 
In-cabin and pedestrian exposure during delay conditions was up to 7 and 7.3 times 
higher than exposure during free flow conditions at TIs. The modelling exercise 
showed that model choice to predict PNCs depends on the type of TI, size range of 
particles, receptor height and distance from the TI. Key findings of the proposed study 
could assist in validating and refining the capabilities of existing models for exposure 
assessment to PNCs at TIs. The proposed study will assist to enhance the scientific 
understanding of the problem as well as develop a database, showing the contribution 
of exposure at TIs towards the overall daily exposure during commuting in diverse 
city environments. 
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Chapter 1 
INTRODUCTION 
This chapter discusses the scope of the research in the context of air pollution at urban 
traffic hot-spots such as signalised traffic intersections. It starts with the project 
background and motivation, and then discuss aims, objective and research novelty in 
detail. The chapter concludes with a report outline. 
 
1.1 Background and motivation 
Airborne nanoparticles (usually referred here to those below 100 nm in 
diameter) come from a variety of exhaust and non-exhaust sources in the urban 
environments (Kumar et al., 2013a). Particles below 300 nm comprise the majority of 
particle number concentrations, PNCs, and therefore used interchangeably with 
nanoparticles (which are measured as PNCs) throughout the thesis. Road vehicles are 
a major source of nanoparticle emissions (Johansson et al., 2007; Keogh et al., 2009; 
Kumar et al., 2011a; Shi et al., 2001), and particles <300 nm can contribute up to 90% 
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of total PNCs in the polluted urban environments (Kumar et al., 2010; Pérez et al., 
2010; Pey et al., 2009). The majority of cities worldwide are facing challenges 
associated with air pollution (Kumar et al., 2013b). The issue of air pollution becomes 
more prominent at certain locations, such as signalised traffic intersections (TIs) with 
high pollutant concentrations, which are generally termed as “hot-spots”. Evidence of 
hot-spots for gaseous pollutants are available in abundance. For instance, Coelho et 
al. (2005) and Li et al. (2009) found that a frequent stop-and-go situation at TIs often 
results in excessive delays, speed variations, increased fuel consumption and gaseous 
emissions at the TIs. Likewise, hot-spots of nanoparticles can frequently occur at TIs 
due to the creation of pollution pockets by changing traffic conditions (e.g. 
acceleration-deceleration, stop-go). However, very few studies have measured PNCs 
at the TIs to present an exhaustive and clear picture of nanoparticle hot-spots in urban 
areas (see Table 2.3). A number of practical and technical constraints such as portable 
instruments having sufficiently high sampling response and broad size range, their 
low-cost and robustness for continuous unattended monitoring, and lack of 
standardised measurement methods make the study of nanoparticles at TIs, even more, 
rarer (Kumar et al., 2011a). This is reflected by the fact that there are hardly any field 
studies available for TIs (Table 2.3), clearly indicating a need for more measurement 
and modelling studies to understand PNC levels in diverse traffic and driving 
conditions.  
1.2 Aims and Objectives  
The aims of this work are to understand particle dispersion and 
transformation (i.e. nucleation, coagulation, condensation and deposition) at urban 
traffic hot-spots (i.e. TI) and to estimate the exposure risk of nanoparticles and PM10 
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(particulate matter (PM) ≤ 10µm)  PM2.5 (≤ 2.5µm), PM1 (≤ 1µm) in the vicinity of the 
TI in order to address the concern associated with accurate prediction of particles and 
estimation of associated exposure at urban traffic hot-spots. 
The specific objectives are as follows: 
1. To identify traffic and driving conditions under which TIs become hot-spots of 
particle mass and number concentrations.  
2. To understand, quantify and generalise the Zone of Influence (ZoI) for different 
types of TIs in different driving conditions. 
3. To understand the particle dynamics at TIs and to estimate the driving condition 
specific particle number emission factors (PNEFs) at different types of TIs.  
4. To estimate the in-cabin exposure and pedestrian exposure of nanoparticles and 
particulate matter at TIs. 
5. To modify freely available air pollution models based on findings of objectives 1-
3 and thereafter assess their performance to predict PNCs at TIs. 
1.3 Research approach 
The measurement campaigns were divided into two phases. The first phase 
of experiments included mobile measurements that were conducted on a 6 km circular 
route in the town centre of Guildford, United Kingdom (UK) to cover the objectives 
1, 2 and 4. The second-phase of experiments included fixed-site measurements, 
carried out at two different types of TIs (i.e. 3- and 4-way) in Guildford, UK, to meet 
the objectives 3 and 4 noted in Section 1.2. The step-by-step research approach to 
achieve all the four objectives are as follows: 
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1.3.1 Identification of urban traffic hot-spots 
To achieve the objective 1, mobile measurements were carried out inside the 
car cabin using five different ventilation settings on a 6 km long circuit passing 
through 10 TIs in Guildford town centre, Surrey. The main objective of these 
measurements was to identify the traffic driving conditions in which a TI becomes a 
hotspot for PNCs and PMCs. A differential mobility spectrometer (DMS50) and 
GRIMM (model 1.107 E) instrument were used to measure particle number and mass 
concentration in the 5-10,000 nm range. The other objectives were to assess the effect 
of ventilation settings in free-flow and delay conditions (i.e. waiting time at TI when 
the traffic signal is red) at TIs and to derive a relationship between PNCs and change 
in driving speed of the vehicle at different TIs. The results of this experimental 
campaign for PNCs and PMCs are presented in the Chapters 4 and 7, respectively. 
1.3.2 Estimation of ZoI 
After achieving the objective 1, the same set of experiments were used to 
understand, quantify and generalise the ZoI of the TIs. Further objectives were to 
perform the detailed quantification of the longitudinal extent of ZoI at four different 
types of TIs in stop- and go- driving pattern for particle number and mass 
concentrations and to generalise the horizontal PNCs profile within ZoI. The results 
of this analysis for PNCs and PMCs are presented in Chapters 5 and 7, respectively. 
1.3.3 Fixed-site measurements at identified hot-spots 
To achieve objective 3, fixed-site measurements were conducted at two 
different types (i.e. 4- and 3-way) of TIs in Guildford, Surrey, UK to measure particle 
number, mass and size distribution in the 5-10000 nm range, using DMS50 and 
GRIMM model 1.107E. During this experimental campaign three types of 
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measurements were conducted: (1) at a fixed point on a pedestrian pathway at a height 
of ~1.5 m above the road level; (2) sequentially at 4 different heights (i.e. 1, 1.5, 2.5 
and 4.7 m above the road level) to assess the vertical profiles of PNCs and (3) at the 
4-way TI, measurements were also performed at five different horizontal distances 
(i.e. 10, 20, 30, 45 and 60 m away from the centre of the TI) on its two perpendicular 
legs to assess the horizontal profiles of PNCs. The objectives of this experimental 
campaign were to estimate the PNEFs under congested and free-flow driving 
conditions. Also vertical and horizontal decay profiles of particle number and mass 
concentrations were determined. The results of this experimental campaign for PNCs 
and PMCs are presented in Chapters 6 and 7, respectively. 
1.3.4 Estimation of exposure at and around the TI 
Based on the mobile measurements, the respiratory deposition dose (RDD) 
rate of nanoparticles and particulate matter for on-road and in-cabin exposure of five 
different ventilation settings has been estimated. Fixed-site measurement data has 
been used to estimate RDD rate for pedestrians at 3- and 4-way TIs. Exposure 
estimations are presented in Chapter 8.   
1.3.5 Assessment of performance of air pollution models for PNCs at TIs 
The final objective of this dissertation involves modification of existing 
models of air pollution based on the field experiments and then to assess their ability 
to predict PNCs at two different types of TIs. For this purpose, two freely available 
models CALINE4 and CAL3QHC has been selected. The average PNEF obtained 
from objective 3 is modified based on findings of objective 1 and 2 to estimate driving 
condition specific PNEF. Then the performance of the selected models has been 
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assessed by using the modified emission inputs. The results are presented in Chapter 
9.  
1.4 Thesis outline 
This thesis is divided into 9 chapters as presented in Figure 1.1. Chapter 1 
discusses the novelty of this research. It outlines the research objectives and approach 
used to achieve these objectives. 
Chapter 2 gives an overview of the literature on fundamental factors 
governing emission and dispersion of nanoparticles at TIs. The chapter starts with 
discussion on key traffic and wind flow features at TIs, followed by a critical review 
of field measurements performed at TIs in the past decade and concludes with the 
challenges associated with applicability of currently available dispersion models at 
TIs. This work appeared in Goel and Kumar (2014). 
Chapter 3 provides methodologies and detailed experimental set-up used for 
measurements along with description of the instruments used for measuring particles. 
Chapter 4 presents the results from mobile measurements for PNCs inside the car 
cabin in five different ventilation settings. The work performed in this chapter is 
covered in Goel and Kumar (2015a). 
Chapter 5 presents the first estimates of ZoI of four different types of TIs in 
different driving conditions. In this chapter, ZoI is defined as length of the road at a 
TI that is affected by higher emissions due to the presence of a signal. Such an 
estimation of ZoI is important for accurate dispersion modelling of nanoparticles at 
TIs. The work performed in this chapter is covered in Goel and Kumar (2015b). 
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Figure 1.1. Thesis outline 
 
Chapter 6 presents results from fixed-site measurements for PNCs at 3- and 
4-way TIs in Guildford. The work performed in this chapter is covered in Goel and 
Kumar (2016a). Chapter 7 presents results from mobile measurements and fixed-site 
measurements for PMCs along with an estimation of ZoI. The work performed in this 
chapter is covered in Goel and Kumar (2016b). 
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Chapter 8 presents the exposure estimation of nanoparticles and particulate 
matter at TIs. RDD rate is estimated for on-road, incabin and pedestrian exposure at 
TIs using the data collected during mobile and fixed-site measurements. The work 
performed in this chapter is covered in Goel and Kumar (2015a) and Goel and Kumar 
(2016a,b). Chapter 9 presents other results of dispersion modeling exercise using 
freely available models of air quality at TIs. The work performed in this chapter is 
covered in Goel and Kumar (2017). Chapter 10 gives the summary of this thesis 
followed by an overall conclusion obtained from the research. The chapter also 
indicates the potential future work to extend the current research.
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Chapter 2 
LITERATURE REVIEW 
This chapter discusses the literature review related to fundamental drivers governing emission 
and dispersion of nanoparticles at TIs. This chapter starts with a comprehensive discussion on 
key traffic and wind flow features at TIs, followed by a critical review of field measurements 
performed at TIs in past decade. Thereafter, the effect of key factors such as road grade, vehicle 
types, speed, load and driving condition, lower and upper cut-off values of particle size range 
measured, and sulphur content of the fuel on particle number emission factors is discussed 
along with the relative importance of various transformation processes at TIs. Finally the 
chapter discusses the challenges associated with the applicability of currently available 
dispersion models at TIs. This work appeared in Goel and Kumar (2014). 
 
2.1 Introduction 
Road vehicles are the dominant contributor to PNCs. As discussed in Section 1.1, 90% 
of the total PNC in polluted urban environments comes from transport sectors. The small size 
of nanoparticles enables them to enter deeper into lungs, causing both acute and chronic 
adverse health effects such as asthma, cardiovascular and ischemic heart diseases (HEI, 2013). 
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However, the number of excess deaths that occur in cities worldwide due to the exposure to 
nanoparticles is yet largely unknown (Kumar et al., 2014). Very few preliminary estimates are 
available on this topic, showing high numbers. For instance, Kumar et al. (2011b) showed that 
the exposure to particle number (PN) emissions from road vehicles in Delhi caused 11,252 
excess deaths in 2010 that was predicted to reach to 58,268 by 2030 under the business as usual 
scenario. 
The majority of cities worldwide are facing challenges associated with air pollution 
(Dimitriou and Kassomenos, 2017, Kumar et al., 2013b, Reche et al., 2016, Zhao et al., 2016). 
For example, a recent report by the World Health Organisation on ambient air pollution 
suggests that the annual mean concentration of PM10 (particulate matter less than 10 µm) has 
increased by more than 5% between 2008 and 2013 in 720 cities across the world (WHO, 
2014). The issue of nanoparticle pollution becomes more prominent at certain locations, known 
as “hot-spots” (Section 1.1). Whilst some studies (Mohan et al., 2007; Wu et al., 2010; Zhu et 
al., 2008) define hot-spots as a localised place where maxima of air pollutant concentration can 
occur, the United States Environmental Protection Agency (USEPA) defines these as small 
geographical locations such as TIs and busy roadsides where pollutant concentration is higher 
than the National Ambient Air Quality Standards (NAAQS). In case of airborne nanoparticles, 
neither such a definition nor ambient air quality standards are yet available for comparison and 
distinguishing hot-spots in a particular area. Nonetheless, the same terminology can be adopted 
for nanoparticles by using the typical average values of PNCs in urban environments as a 
reference value to identify nanoparticle hot-spots. Recently, Kumar et al. (2014) compiled the 
data on roadside PNCs in 42 different cities worldwide. They found the average values of PNCs 
as 3.2±1.6 ×104 cm-3 and 1.2±1.0×105 cm-3 in European and Asian cities, respectively. These 
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or other localised PNCs measured elsewhere can be taken as a preliminary threshold value for 
determining the nanoparticle hot-spots in urban areas.   
As seen in Table 2.1, a number of review articles are currently available in the 
published literature. These articles either deal with the flow and dispersion of gaseous 
pollutants at TIs (e.g. Ahmad et al., 2005; Tiwary et al., 2011) or particle transformation 
processes (dilution, nucleation, coagulation, condensation, evaporation and deposition) at 
various spatial scales such as vehicle wake, street, road tunnel, neighbourhood and city scale 
(e.g. Kumar et al., 2011c; Carpentieri et al., 2011). For instance, Ahmad et al. (2005) 
summarised the results of wind tunnel simulations for TIs. They also discussed the effects of 
building configurations, canyon geometries and variability in approaching wind directions on 
flow fields and exhaust dispersion at TIs. Tiwary et al. (2011) reviewed the state-of-the-art 
knowledge on modelling the airﬂow and concentration ﬁelds of inert pollutants at TIs. Kumar 
et al. (2011c) discussed dispersion modelling techniques of nanoparticles at five local scales 
(vehicle wake, street, neighbourhood, city and road tunnels). However, the complexities 
associated with the emissions, dispersion and exposure related to vehicle-emitted PN emissions 
at TIs have not been discussed in detail until now (see Table 2.1).  
The aim of this review is therefore to assess the fundamental drivers that govern the 
emissions, dispersion, concentration and exposure to PNCs at TIs. In order to set the 
background context for our review chapter, the key traffic and wind flow features at TIs are 
first briefly presented (Section 2.2). This is followed by an up to date summary of field studies 
that have monitored PNCs at TIs over the past decade (Section 2.3) and the effect of traffic 
driving conditions and meteorology on PNEFs (Section 2.4). Section 2.5 presents a discussion 
on the relative importance of particle transformation processes in altering the ambient PNCs at 
TIs. A simplified approach to carry out dispersion modelling of nanoparticles at TIs is then 
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presented (Section 2.6). Further, critical synthesis of published information on intermittent 
exposure experienced by urban dwellers at these hot-spots compared with exposures in other 
urban environments is discussed (Section 2.7). Section 2.8 presents the summary and 
conclusions of the literature review. 
2.2 Flow features at TIs 
Detailed study of both the traffic and wind flows at TIs is important to understand PN 
emissions, dispersion and transformation of nanoparticles. Motorised road-traffic is the main 
source of both PN emissions and traffic produced turbulence (TPT) at TIs. On the other hand, 
wind flow plays an important role in the dispersion of nanoparticles released by the traffic at 
TIs.  
2.2.1 Key traffic flow features at TIs 
The estimation of PN emissions from road traffic at TIs requires an in-depth 
understanding of traffic characteristics such as the category-wise volume of traffic, technology 
distribution, and driving conditions (André and Hammarström, 2000). Traffic emission 
estimates, which are based on traffic-counts and use of different statistical methods, are often 
not accurate and do not reflect the dynamic behaviour of the traffic flow (Pandian et al., 2009). 
In-depth analysis of ‘speed’ and ‘acceleration’ in specific situations (e.g. stop-and-go at traffic 
lights and overcrowded roads) using traffic-flow models can provide reliable emission 
estimates (Pandian et al., 2009; Schmidt and Schäfer, 1998). Underestimation of vehicle speed 
or flow rate may lead to a drastic increase in emissions (Negrenti, 1999). For instance, Eisele 
et al. (1996) reported that 10-30% of underestimation of traffic volume can result in up to a 
50% of underestimation of carbon monoxide emissions on local arterial roads. Such an 
underestimation can also be expected for nanoparticle emissions. Estimates of traffic flow 
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features based on both the traffic count and traffic-flow models are therefore necessary for 
accurate assessment of PN emissions at TIs (Pandian et al., 2009).  
Traffic flow models can be broadly classified into three categories: microscopic, 
macroscopic and mesoscopic based on their functionality. For instance, microscopic models 
describe both the space-time behaviour (i.e. car following, lane changing, merging, and 
diverging) of vehicles in short time steps (down to 0.1 s). These models are used for small 
geographical areas such as TIs in urban areas. Macroscopic flow models describe traffic flow 
at a high level of aggregation without distinguishing its constituent parts. The traffic stream is 
represented in an aggregate manner using characteristics such as their flow-rate, density, and 
velocity (Tolujew and Savrasov, 2008). These models are generally used for regional or city 
scale transport planning and management. Mesoscopic models fall between microscopic and 
macroscopic models. These models simulate individual vehicles but describe their activities 
and interactions based on aggregate (macroscopic) relationships. These models are used for 
simulating traffic characteristics on large highway networks. 
Mesoscopic and macroscopic models are used to assess larger geographical areas such 
as large highway networks and cities. They cannot capture the detailed effect of traffic control 
at the TIs (Zhang and Ma, 2012). Therefore, microscopic simulation models are often preferred 
for TIs since these can capture the dynamic movement of vehicles in detail. An in-depth review 
of the capabilities and usefulness of these models for traffic flow modelling can be seen 
elsewhere (Chowdhury et al., 2000; Pandian et al., 2009). 
2.2.2 Key features of wind flow at TIs 
Wind flow within and above the TIs is challenging to describe. This is because of the 
complex geometry, TPT, roadway design and atmospheric stability (Carpentieri et al., 2012; 
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Tiwary et al., 2011). Two different types of turbulence (atmospheric and mechanical) affect 
the wind flows at TIs. Atmospheric turbulence is produced by: (i) the interaction of wind with 
the complex geometry of TIs, and (ii) the turbulence generated by the atmospheric stability 
conditions. Mechanical turbulence is produced due to the interaction of ambient air with the 
moving traffic that is generally referred to as TPT. Wind flow at TIs is typically studied through 
wind tunnel experiments, numerical simulation or combination of both. A systematic review 
of key wind tunnel and numerical simulation studies explaining the effect of these turbulent 
mechanisms on wind flows at TIs is presented in Table 2.1. 
Table 2.1 shows that the wind flow features at TIs are more complex than the flow 
features in a single street or road, due to the interaction of flow around several buildings and 
streets (Carpentieri et al., 2012). Small asymmetries in geometry or wind directions can lead to 
a very different flow and dispersion pattern at the TIs (Balogun et al., 2010; Kastner-Klein et 
al., 1997; Robins et al., 2002). Scaperdas and Colvile (1999) performed Computational Fluid 
Dynamics (CFD) simulations to study the detailed wind flow features at a TI of symmetrical 
and asymmetrical canyons. Later, Soulhac et al. (2009) carried out wind tunnel experiments to 
study the wind flow features at a TI of symmetrical canyons. Their findings are summarised in 
Table 2.2, which suggest that pollutant transfer from one street to another is driven by the 
mixing at TIs in case of symmetrical street canyon geometry. However, pollutant transfer 
becomes significant as soon as there are minor departures from symmetrical to the 
asymmetrical geometry of street canyons (Aristodemou et al., 2009; Balogun et al., 2010; 
Robins et al., 2002).  
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Table 2.1. Review of some of the key wind tunnel and numerical simulation references (studies) 
explaining features of wind flow at the TIs. 
Studies Study focus 
Wind tunnel simulations 
Hoydysh and Dabberdt (1994); Dabberdt et al. 
(1995) 
Studied the dispersion of tracer gas at TI of orthogonal 
streets by means of wind tunnel experiments. They found 
that maximum tracer gas concentration values were 
consistently located at street corners, and the street aspect 
ratio had an important influence on dispersion conditions 
at the TIs. 
Kastner-Klein et al. (1997) Studied the tracer gas concentration field at simple 
perpendicular TIs of symmetrical street canyons for 
reference wind direction of 90° by means of wind tunnel 
experiments. 
Robins et al. (2002) Studied the dispersion of tracer gas at a simple TI of two 
perpendicular streets through wind tunnel experiments. 
They found that the exchange of wind flow between the 
main street and side street were negligible in the 
symmetrical situation. Small departures in symmetry 
were sufficient to establish significant exchanges. 
Klein et al. (2007) Studied the effect of building height on wind flow and 
pollutant dispersion pattern at urban TI through wind 
tunnel experiments. 
Carpentieri et al. (2009) Studied the mean flow, turbulence and flow path lines at 
a street canyon TI by using flow visualisation and Laser 
Doppler Anemometry methods in wind tunnel 
experiments.  
Brixey et al. (2009); Heist et al., (2009) Carried out wind tunnel measurements and CFD 
simulations of wind flow feature in an idealized urban 
array of three-story row houses. They also studied the 
effect of the tall tower located at the downwind edge of 
one of these houses on wind flow features. They found 
that the presence of a tower enhanced wind speed in (and 
ventilation from) surrounding street canyons and forced a 
strong lateral flow into the side streets 
Soulhac et al. (2009) Studied wind flow and dispersion mechanism at urban TIs 
of orthogonal streets. By using the results of wind tunnel 
and numerical modelling, they developed a new 
operational model for pollutant exchanges at the TIs. 
Carpentieri et al. (2012) Studied mean and turbulent tracer flux balance in 
geometries of real street canyon TI (DAPPLE site) 
through wind tunnel experiments. 
Kukačka et al. (2012) Studied the vertical advection and turbulent scalar fluxes 
at X-shaped TI for five different reference wind directions 
by means of wind tunnel experiments. 
Ahmad (2013) Studied the combined effect of TPT and natural wind flow 
on tracer gas dispersion at urban TI through wind tunnel 
experiments. 
CFD simulations 
Gadilhe et al. (1993) Carried out a numerical simulation of wind flow for a 
complex and realistic TI using a standard k-є model of 
turbulence. They found fairly good agreement between 
wind tunnel measurements and model results. 
Scaperdas and Colvile (1999) Carried out CFD simulations to understand the effect of 
wind direction on small-scale dispersion patterns at TIs. 
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Table 2.2. Comparison of flow field features at a TI of symmetrical street canyons of the aspect ratio of 
1 (Case 1) and TI of symmetrical and asymmetrical street canyons (Case 2) (Scaperdas and Colvile, 
1999; Soulhac et al., 2009). 
 
Wind direction with 
respect to street reference 
Case 1 
(Street canyons in both the 
directions are symmetrical and 
they all have aspect ratio = 1) 
Case 2 
(Street canyons in y-
direction are 
asymmetrical and 
street canyons in x-
direction are 
symmetrical) 
Key characteristics 
Ø =00 
  
In both cases, flow separation 
at the upstream corner of the 
side streets leads to the 
formation of recirculating 
vortices at the entrance of two 
side streets. 
Ø = 450 
  
In Case 1, the flow field is 
symmetrical about diagonal 
with identical recirculation 
regions in two downstream 
streets. Whereas in Case 2, the 
flow field is symmetrical about 
X-direction with a 
recirculation vortex forming 
around one of the corners. 
Ø = 900 
 
 
In Case 1, flow field is simply 
a rotated and version of those 
obtained for Ø =00. However, 
in Case 2, flow field shows 
symmetry about Y-axis with 
pronounced recirculation 
vortex forming around only 
one of the corners.  
 
As evident from the Table 2.1, there are no studies available on the effect of 
atmospheric stability conditions on wind flow features at TIs. However, a small number of 
studies has been conducted for street canyons. For example, Kikumoto et al. (2009)  performed 
large eddy simulation to study the effect of atmospheric stability on dispersion conditions in 
an urban street canyon. They found that turbulence is accelerated by the buoyancy effects in 
street canyons during unstable atmospheric conditions. Conversely, the flow is depressed by 
thermal stratification in stable atmospheric conditions, and the pollutant stagnates near the 
bottom of the canyon. 
y-axis 
x-axis 
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To study the effect of TPT on wind flow at TIs, recently, Ahmad (2013) carried out a 
wind tunnel experiment to investigate the effects of heterogeneous traffic online source 
dispersion in close proximity to a TI surrounded by symmetric street canyons. They observed 
that TPT greatly influences the tracer gas concentration at various points around the studied TI 
due to the generation of large size eddies (Table 2.1).  
The interaction of the wind flow characteristics among the intersecting streets at the 
TIs is challenging to model and is still poorly understood (Balogun et al., 2010). This is mainly 
because the flow field data at TIs are scarce and have just started to become available. Wind 
flow features at the TIs affect the dilution of traffic emissions and dilution affects the 
transformation processes of nanoparticles. Therefore, there is a need to carry out more wind 
flow modelling studies by means of physical and numerical modelling to understand the key 
flow features and develop nanoparticle dispersion models for TIs 
2.3 Field measurements of PNCs at TIs  
Only a handful of studies have monitored the PNC at TIs and the findings of these 
studies are summarised in Table 2.3. The peak PNC measured by these studies have been found 
to vary in the 0.7-5.4 ×105 cm–3 range, showing up to ~7-times differences amongst the PNCs 
measure by them. The lowest peak PNC (0.7×105 cm–3) was observed at a TI site in the USA 
where mobile measurements were taken and sulphur content in diesel and gasoline at the time 
of measurements was less than 10 and 30 ppm, respectively. The highest peak PNC (5.4 ×105 
cm–3) was observed at a TI in Hong Kong where measurements were taken 1 m away from the 
roadside and sulphur content in diesel and gasoline at the time of measurement was less than 
50 ppm (EPD, 2014). Kumar et al. (2014a) highlighted a number of factors that are likely to be 
responsible for the variability observed in peak PNCs.  For instance, the lower cut-off for PNC 
measurements varied between 5 and 9 nm in the studies listed in Table 2.3 and this can account 
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for up to ~12% of total PNC (Kumar et al., 2009a). The Distance of measurement location from 
the intersection is another consideration. In the case of unobstructed topographic setting, PNC 
can decrease up to ~40% of their kerbside level within a distance of ~10 m (Kumar et al., 
2014a). Some of the variability in PNC can be explained by seasonal effects (e.g. temperature 
inversion) that have been found to significantly increase the PNC during cold months 
(Buonanno et al., 2013). Average PNCs have been found up to ~300% higher during winters 
than those during the rainy season for identical traffic emission conditions (Byčenkienė et al., 
2014). Sulphur content of diesel and gasoline used in road transport is another important factor. 
Reduction in the sulphur content of diesel from 50 to 10 ppm can result up to ~30% reduction 
in PNCs (Jones et al., 2012). In summary, nearly ~400% of variability can be expected among 
PNC values reported in Table 2.3 due to experimental set-up, fuel types and seasonal 
conditions. The rest of the variability can be attributed to the other local factors such as traffic 
volume, background concentration, and interrupted traffic flow and driving conditions specific 
to individual sampling locations. 
For a detailed understanding of particle dynamics and dispersion at TIs, the combined 
effect of various factors such as wind and traffic flow, driving conditions, metrology and road 
grade on PNCs must be assessed. Out of the reviewed studies (Table 2.3), Fujitani et al. (2012a) 
measured the PNCs at a TI in an open area. Holmes et al. (2005) and Oliveira et al. (2009) 
examined the spatial distribution of PNCs around urban TI sites. Tsang et al. (2008) analysed 
the effect of driving conditions on PNCs at a TI. Holder et al. (2014) carried out mobile 
measurements to study the effect of driving conditions on concentrations of ultrafine and black 
carbon at a TI.  
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Table 2.3. Summary of relevant field studies covering measurements of PNCs at the TIs. 
Author (year) City 
 (Country) 
Instruments Size range 
(nm) 
Maximum 
PNC(×105 
cm-3)  
Traffic 
density 
(h-1) 
HDV (%) Months Remarks 
Morawska et al. (2004) Salzburg 
(Austria) 
SMPS 13–830 0.2a 
600 
20-30% September  Sampling point was around 5 m away from the road and 
1.2 m above the ground. 
Holmes et al. (2005) Brisbane 
(Australia) 
SMPS 9-407 2.6 200- 
1920 
20%c January Monitoring is carried out at one fixed site that is 
surrounded by river on south side and buildings on other 
three corners.  
Tsang et al. (2008) Mong Kok 
of Kowloon 
(Hong 
Kong) 
WCPC 5-2000 5.4 
40 
29% July Monitoring was carried out at three fixed sites. The 
intersection was street canyon intersection bounded on 
all sides by high-rise buildings. These sites were located 
at 1m, 5 m and 6 m distance from intersecting roads, 
respectively. 
Wang et al. (2008) Texas 
(USA) 
CPC & 
SMPS with 
DMA 
7-290 2.4 10452 -
11897 
3.7% December-
June 
Mobile sampling was carried out at four corners of an 
intersection along with sampling at one fixed site on the 
south-east corner of the intersection. Measurements were 
conducted both in upwind and downwind direction of 
both roadways. 
Oliveira et al. (2009) Optro 
(Portugal) 
CPC 6-700 1.07 
500 
25%c July Sampling site was located in the city centre at 3 m 
distance from intersecting roads. 
Fujitani et al. (2012a) Kawasaki 
City (Japan) 
SMPS 8-300 ~1.4 
167 
25% January Monitoring was carried out at the intersection of the 
industrial road and main highway. 
Holder et al. (2014) North 
Carolina 
(USA) 
EEPS 6-560 0.7b - April Mobile measurements were carried out on a specified 
route to assess the spatial variability. 
Note: aAverage PNC ; b90th percentile ; cProportion of diesel-fuelled vehicles out of total vehicle fleet; EPS = Engine Exhaust Particle Sizer; SMPS = 
Scanning Mobility Particle Sizer; CPC = Condensation Particle Counter; WCPC = Water-based CPC
20 
 
Other than Wang et al. (2008), none of these studies assessed the effect of flow (wind 
and traffic) dynamics on PNCs at TIs since this was not the original focus of these studies. 
Greater numbers of field studies are clearly needed to improve our understanding of the 
dispersion of nanoparticles at and around the TIs.  
2.4 Particle number emission factors at TIs 
PNEF presents a functional relationship between PN emissions and the activity data 
that generate emissions. This is one of the most important input parameters for computing 
nanoparticle emissions and carrying out dispersion modelling.  There are a number of factors 
influence the estimation of PNEFs, including meteorology, road grade, vehicle types, speed, 
load and driving condition, lower and upper cut-off values of particle size range measured, and 
sulphur content of the fuel. For instance, meteorology affects the time scale and importance of 
various transformation processes and hence the estimates of PNEFs that are based on the 
environmental concentrations using the inverse modelling approach (Kumar et al., 2011b).  
2.4.1 Effect of road grade 
Road grade, which is a percentage rise or a  drop in the vertical distance with respect 
to horizontal distance, also affects the PNEF estimates due to the change in the engine power 
demand of a vehicle. For instance, there is a less demand for engine power during downhill 
movement of a vehicle as compared to uphill movement. A conventional diesel bus engine was 
found to emit ~8-times less PNCs for downhill movement as compared to uphill movement 
(Holmen et al., 2005). The PNEFs are therefore expected to change in the similar fashion as do 
the PNCs. This effect was demonstrated by Zheng et al. (2013) where they found up to an order 
of magnitude larger PNEF from a heavy-duty diesel truck during uphill driving compared with 
downhill driving. Their study measured only solid particles using a CPC that had a cut-off size 
range of 23 nm and the temperatures of the primary dilution and evaporation tube were 150 
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and 350 °C, respectively. Furthermore, different levels of PN emissions are expected to be 
released by vehicles due to differences in engine technology and fuel use. For instance, PNEF 
of the heavy-duty vehicle  was found in the range of ~1014-1015 veh–1 km–1, which is up to an 
order of magnitude larger than those for gasoline-fuelled (~1012-1014) and diesel-fuelled 
(~1014) cars (Kumar et al., 2011b).  
2.4.2 Effect of interrupted traffic flow 
Traffic situation at TIs remains generally complex since the traffic flow is interrupted 
due to the restrictions laid by traffic signals. These restrictions lead to frequent changes in 
driving conditions such as deceleration, idle, acceleration and cruise (Frey et al., 2002; Papson 
et al., 2012). The PN emissions released during all these conditions and hence the 
corresponding PNEFs can also vary accordingly, due to constantly changing fuel consumption 
and engine load (Chen and Yu, 2007; Lei et al., 2010).  
Numerous studies have measured an increase in PNCs as a result of vehicle 
acceleration, confirming the increased PN emissions due to accelerating conditions. For 
instance, Tsang et al. (2008) carried out a study to assess the pedestrian exposure to PNCs at a 
busy TI in Mong Kok, Hong Kong. They observed a sharp increase in PNCs as a result of 
vehicle acceleration after ~3 seconds when the traffic signal changed from red to green. Wang 
et al. (2008) found that average PNCs at TIs during red-light periods are nearly 5-times higher 
compared to those during green-light periods (Figure 2.1). 
A study by Johnston et al. (2013) monitored nanoparticles from motor vehicles at a TI 
in Wilmington, Delaware, USA. They observed abrupt peaks in PNCs that varied from few 
seconds to tens of seconds after the traffic signal changed from red to green. Jayaratne et al. 
(2010) found up to an order of magnitude higher PN emissions during acceleration compared 
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with steady driving conditions for diesel and CNG buses. Sulphur content of the fuel also plays 
a major role in the formation of nanoparticles and consequently inﬂuences the PNEFs, as 
discussed in Section 2.2. 
 
 
 
 
 
 
  
 
Figure 2.1. Temporal variation in PNCs as a function of a traffic light at a TI (Wang et al., 
2008). 
 
2.4.3 PNEF databases 
In addition to individual studies that have measured PNEFs, two comprehensive 
databases (Computer Programme to calculate Emission from Road Transport, COPERT4; and 
PARTICULATE; Luhana (2004)) based on chassis dynamometer testing are also available for 
the PNEFs under different driving conditions. COPERT4 provides PNEFs for solid particles in 
the size range of 50-1000 nm for different types of vehicles (e.g. passenger car, buses, coaches 
and heavy-duty vehicles) under urban, rural and highway driving conditions (Ntziachristos et 
al., 2000). Similarly, the PARTICULATE program was launched by European Union (EU) in 
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the year 2000. The aim of this project was to study both nucleation and solid particles in the 7-
1000 nm size range by measuring them for a variety of vehicles under a range of engine 
capacities, fuels and technologies (Kulmala et al., 2011). However, studies covering the 
dynamic and complex situation of traffic emissions to estimate the PNEFs at TIs are yet rarely 
available. One way of accounting the effect of driving changes on nanoparticle emissions at 
the TIs is the estimation of PNEFs with respect to delay events. However, frequent driving 
changes at the TIs make the PNEFs derived by roadway or highway studies unsuitable to TIs. 
Despite the availability of numerous PNEF databases (Keogh et al., 2010; Keogh et al., 2009; 
Kumar et al., 2011b) there is clearly a lack of PNEF databank that could explicitly be applicable 
to emission modelling of nanoparticles at the TIs. 
2.5 Importance of particle dynamics at the TIs  
Vehicle emissions consist of hot gases and primary particles, which are highly 
dynamic and reactive in nature (Kumar et al., 2011b). Just after the release of PN emissions 
from vehicular exhaust, the physical and chemical composition of particles changes rapidly 
due to the effect of transformation processes (Carpentieri and Kumar, 2011; Kumar et al., 
2009b). In order to assess the relative importance of various transformation processes on 
particle number and volume concentrations, timescales for typical TIs are presented in Table 
2.4. These time scales can be taken as a relative measure of the time taken to reduce the 
concentration of particles at TI, if the source was turned off. Thus a short time scale indicates 
a strong effect of that particular process on the PNCs. The time scale analysis suggests that 
nucleation as the most important process at TIs, followed by dilution, deposition, coagulation 
and condensation. Such information is essential since an inadequate treatment of these 
processes may result in inaccuracies in the prediction of PNCs at the TIs (Section 2.6).   
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These transformation processes are responsible for some of the spatial and temporal 
variability in particle number and size distribution (Birmili et al., 2013). The relative 
contribution of various transformation processes on altering the PNCs at the TIs is not yet been 
experimentally quantified, but these are important to consider for more accurate dispersion 
modelling of PNCs at the TIs (see Section 2.6). 
Table 2.4. Timescale analysis of various transformation processes at TIs along with their effect 
on PN and particle volume concentration. Where symbol +, –, 0 represent gain, loss and no 
effect on number and volume concentrations, respectively (see Appendix A for detailed 
calculations). 
Transformation process Effect on concentration Timescale (s) 
Number Volume 
Nucleation + + 80 
Dilution ± ± 102 
Dry deposition – – 103 
Wet deposition – – - 
Coagulation – 0 5×103 
Condensation 0 + 0.4-8 ×104 
 
2.6   Dispersion modelling techniques  
2.6.1 Important considerations for dispersion modelling of nanoparticles at TIs   
Traffic generated PN emissions often increase in the vicinity of TIs. Numerous factors 
such as complex wind flow patterns and transformation processes determine the concentrations 
of nanoparticles in the intersecting streets at TIs. A simplified approach to perform dispersion 
modelling of nanoparticles and associated exposure at the TIs is presented in Figure 2.2.  
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Figure 2.2. A simplified modelling framework for estimating PNC and associated exposure at 
the TIs. 
 
Summary of a number of governing factors that can be used to assess the suitability 
of currently available dispersion models at TIs is presented below.  
i. Disrupted stop-and-go traffic flows at TIs compel the vehicles to accelerate and 
decelerate, and thereby increasing the PN emissions. Therefore the PNEFs capable 
of capturing the effect of these dynamic conditions at TIs are required in order to 
make reliable PN emissions estimates in dispersion models (Section 0).  
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ii. TIs are regions with a significant exchange of pollutants between the intersecting 
streets. Therefore the dispersion models for nanoparticles should be able to take 
account of the complex flow field induced by these exchanges at TIs (Section 2.2).  
iii. Dispersion models should be able to adequately treat dilution and complex 
transformation processes that occur after the release of exhaust gases into the 
ambient environment (Section 2.5).  
Consideration of (i) is related to uncertainties associated with input parameters whilst 
the latter two considerations (ii+iii) relate to structural uncertainties in the dispersion models.   
2.6.2 Suitability of currently available aerosol and inert pollutant models for TIs 
There are currently very few models that are specially designed to predict PNCs by 
taking into account the particle dynamics. The summary of these models, which can be used at 
various spatial scales, is provided in Kumar et al. (2011b). There are infrequent studies which 
have performed PNC modelling at the TIs. One such study is by Wang et al. (2013) that used 
CTAG (Comprehensive Turbulent Aerosol Dynamics and Gas Chemistry) model and divided 
the study area into two domains: “exhaust-to-road” and “road-to-ambient”. This model took 
into account the effect of WPT, TPT and atmospheric stability on wind flow features. To 
incorporate the effect of TPT at a TI, the study considered vehicles as stationary objects and 
resultant wind velocity as the vector sum of external wind speed and vehicle velocity. However, 
the interaction of the wakes of individual vehicles and external air depends upon the traffic 
density and surrounding geometry (Di Sabatino et al., 2003). This simplification may not truly 
represent the actual turbulence features at TIs. Also, this study has used the PNEF derived on 
the basis of average vehicle velocity and percentage of HDVs at intersecting highways. As 
evident from discussions presented in Section 2.4.2, PNEFs at TIs are highly dependent on 
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driving conditions and consideration of average velocity is likely to affect accuracies of PN 
emission estimations. However, CFD models can provide detailed flow and dispersion 
characteristics, these are generally complex to use, require extensive computation and 
expertise, and are not easily accessible for free use. Table 2.5 includes the detailed 
characteristics of some of these models that take into account the detailed particle dynamics at 
local scales and can be used at the TIs after appropriate modifications.  
 
Table 2.5. Characteristics of a few currently available aerosol dynamic models. 
Model Type Nucleation Coagulation Condensation/ Evaporation Deposition Source 
MAT 
Combination of a 
plume model with a 
1-D Lagrangian 
trajectory framework 
N Y Y Y 
Ketzel and 
Berkowicz 
(2005) 
GATOR-
GCMM 
Unified fully coupled 
online model that 
account for major 
feedbacks among 
metrology, chemistry, 
aerosol, cloud and 
radiation 
Y Y Y Y Zhang (2008) 
ADCHEM Langrangian Y Y Y Y Roldin et al. (2011) 
CTAG CFD Y Y Y Y Wang et al. (2013) 
Note: Y = Yes; N = No; MAT = Multi-plume Aerosol dynamic and Transport; GATOR-GCMM = 
Gas, Aerosol, Transport, Radiation, General Circulation and Mesoscale Meteorological; ADCHEM = 
Aerosol Dynamic, gas and particle phase CHEMistry; CTAG = Comprehensive Turbulent Aerosol 
Dynamics and Gas Chemistry. 
A few models addressing dispersion of gaseous pollutants and particulate matter (on 
a mass basis) at TIs are currently available. These include Gaussian puff and hybrid models 
(Tiwary et al., 2011). The USEPA has recommended several Gaussian type operational air 
quality models such as California Line Source Model (CALINE-4), California Line Source 
Model with Queuing and Hotspot Calculation (CAL3QHC/CAL3QHCR), Hybrid Roadway 
Intersection Model (HYROAD) and Canyon Plume Box Model (CPB-3) as suitable for 
28 
 
modelling air quality near TIs (EPA, 2008). However, the majority of these models do not take 
into account the full effect of the TI’s geometry and TPT on pollutant dispersion (Tiwary et al., 
2011; Vardoulakis et al., 2007). This inadequate treatment of flow features may result in large 
uncertainties in predicted pollutant concentration at TIs. Theoretically, models for gaseous 
pollutants based on CFD or hybrid modelling could be modified by incorporating particle 
dynamics module in them and providing appropriate PNEFs for the dispersion modelling of 
nanoparticles at the TIs. Likewise, models developed for inert pollutant dispersion, especially 
for TIs (e.g. SIRANE; Soulhac et al., 2009), can be modified by incorporating dynamic PNEFs 
and particle dynamics modules in order to incorporate the (i+iii) consideration. 
One of the major limitations is that the currently available dispersion models are 
developed for inert pollutants, based on the simplified geometries of TIs, and therefore may 
not be applicable elsewhere. At the same time, it is not feasible to develop a single “universal” 
model that can be used for all different types of geometric configurations of TIs. Developments 
of geometry-specific dispersion models, which can also account for particle transformation, are 
therefore needed for reliable estimation of PNCs and exposure at the TIs. 
2.7 Exposure assessment at TIs 
Understanding of spatiotemporal distribution of nanoparticles in urban environments 
is of significant concern for the accurate exposure assessment (Birmili et al., 2013; Kumar et 
al., 2014b). To compare the PNC exposure observed in different urban environments, an 
extensive review of existing studies, falling into 4 different categories (urban background, 
street canyon, roadside and traffic intersections), is carried out. Average PNC and geometrical 
mean diameter of particle size distributions for each environment were calculated by averaging 
studies in individual categories.  
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Figure 2.3a clearly shows that the highest average PNCs are observed at TIs, followed 
by the roadside, street canyons, and urban background. Average PNCs at TIs were found to be 
~1.5 and 1.9-times higher than those in roadside and street canyons, respectively. It is worth 
noting that these comparisons are based on the averaged PNCs and if short-term averaging (e.g. 
1 s) during peak conditions is considered the corresponding differences were found to increase 
to ~17 and 21-times, respectively. The higher PNCs at TIs are expected due to complex wind 
flow conditions (Section 2.2.2) accompanied by frequent changes in driving conditions of 
vehicles (Section 2.2.1).  
Higher PNC does not mean higher respiratory deposited doses (RDD), as the fraction 
of nanoparticle deposited in the respiratory system, depends on the size of particles (ICRP, 
1994). RDD is higher for small size particles and decreases in power form for larger particles, 
as demonstrated by a variety of urban PNC studies (Al-Dabbous and Kumar, 2014; Kumar and 
Morawska, 2014; Kumar et al., 2014b). Therefore, understanding of particle size distribution 
is crucial for accurate estimation of RDD. 
In this study, RDD rate in each environment is calculated using methodology 
presented in Al-Dabbous and Kumar, 2014; Kumar and Morawska, 2014 and Kumar et al., 
2014a. As expected, the highest RDD rate based on the average PNCs is found at the TIs 
(~3.0±1.6 ×1010 h–1), followed by roadside (~2.8±1.8 ×1010 h–1), street canyon (~1.8±0.5 ×1010 
h–1) and urban background (~1.3±1.8 ×1010 h–1) locations (Figure 2.3b). It is worth noting that 
these estimates are based on the average PNCs observed in each environment and consideration 
of peak PNCs might further increase the RDD rate. For instance, total RDD rate becomes 
34.2×1010 h–1 based on peak PNC observed at TIs (see Table 2.3), which is ~12-times higher 
than those estimated on the basis of average roadside PNCs.  
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Figure 2.3. (a) Summary of average PNCs and the corresponding geometrical mean diameters 
(GMD) observed in different environments. (b) Summary of average RDDs estimated for 
different environments. The correlation among the PNC values (and RDD) in different 
environments are also shown. For the correlation equations shown in both the figures, x is equal 
to 1, 2, 3 and 4 for urban background, street canyon, roadside and traffic intersection, 
respectively. 
 
It is evident from the above discussions that some studies are conducted for TIs of 
regular street canyons (Table 2.3), but there is clearly a need for more experimental 
investigations in order to understand the extent of exposure at TIs under diverse geometrical 
configurations as well as flow and driving conditions of traffic. Such studies could also assist 
in developing a database, showing the contribution of exposure at TIs towards the overall daily 
exposure during commuting in diverse city environments.  
2.8 Summary and conclusions 
The chapter presents a critical assessment of the important aspects of traffic and wind 
flow features, emissions, particle dynamics and dispersion modelling of nanoparticles at TIs. 
Implications of  PNCs at  TIs towards the exposure to traffic-emitted nanoparticles are also 
discussed. Numerous types of models available for traffic flow modelling at  TIs are reviewed 
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and the effects of atmospheric–  and mechanical-produced turbulence on wind flow features at 
TIs are discussed. Although some information is currently available on the effects of wind 
direction and surrounding geometry on wind flow feature at the TIs, information on the effect 
of TPT and atmospheric stability on wind  flow feature at TIs is still limited. So far, only a few 
field studies have measured the PNCs at the TIs and up to date summary of these field studies 
is collated. PNEFs at TIs are dynamic and information on them is hardly available.  The relative 
importance of transformation processes is assessed based on the time scale analysis. The 
features and limitations of  currently available  aerosol and inert  pollutant models are presented 
that  can be considered for  dispersion modelling of nanoparticles at the TIs. A need of more 
field and modelling studies is recognised since these are crucial for the improved understanding 
of particle transformation, dispersion and associated exposure at the TIs. Comparative  
assessment of exposure to PNCs at TIs with the different  urban environment  is also performed, 
along with highlighting key areas for further research.  
The key conclusions drawn from this chapter are summarised below:  
 Microscopic models are found to be suitable for traffic flow modelling at TIs since they can 
capture the dynamic behaviour of road vehicles in short time steps.  
 Wind flow features at TIs are highly sensitive to local geometry, atmospheric stability, TPT  
and wind direction. The intensity of WPT varies significantly at various points at and around 
the TIs, and therefore the TIs cannot be considered as uniformly-mixed zones.   
 Majority of the current studies have monitored PNCs only at one fixed location at a particular  
TI. Whilst such measurements provide indicative levels of PNCs, these measurements do not 
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provide detailed insight into the effects of complex wind flow features and variable emission 
on particle dynamics and dispersion around the TIs.  
 The  PNEFs are  highly variable  and depend  upon meteorology, driving conditions, engine 
speed,  engine load, fuel sulphur  content, and road  grade.  Data available  on PNEFs under 
real-world driving conditions, capturing the effect of frequent start-go and acceleration-
deceleration experienced at TIs, is nearly non-existent.   
 The time scale analysis suggested that the nucleation is the most important transformation 
process among others at the TIs, followed by dilution, deposition, coagulation, condensation 
and evaporation for the consideration in dispersion modelling.  
 A very few aerosol dynamic models are suitable for dispersion modelling of nanoparticles at 
the TIs, but these models are complex to use and require excessive computation resources. 
Models available for gaseous and particulate matter can possibly be modified by  
incorporating appropriate PNEFs and particle dynamic modules to predict nanoparticles at 
TIs.  
 RDD rate based on peak PNCs at TIs is found to be ~12-times higher than those based on the 
average PNCs at urban roadsides. Short-term exposure to nanoparticles at TIs may contribute 
a significant portion of total exposure during daily commuting. Very few studies have 
assessed exposure to PNCs at TIs and therefore the extent of exposure at a broad variety of 
TIs is yet poorly understood.  
This chapter has highlighted that further research is needed to understand the 
dispersion of emissions of nanoparticles at TIs so as to accurately estimate the PNCs and hence 
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exposure associated with it. However, these investigations do not stop here, as further literature 
reviews are provided in the following chapters that relate to each individual objective. 
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Chapter 3 
MATERIALS AND METHODS 
This chapter presents the description and calibration principles of instruments (i.e. DMS50, 
GRIMM 1.107E, AQMESH and Garmin GPS) used for the experimental campaign. Also, 
methodology to estimate air exchange rate, delay events at TIs, ZoI, PNEFs and exposure doses 
is explained. Furthermore, this chapter covers the description of positive matrix factorisation 
modelling. Only common and generic methods are presented in this chapter and chapter-
specific methodology is explained in specific chapters. 
3.1 Introduction 
Mobile and fixed experimental campaigns were conducted to study the emissions and 
exposure of nanoparticles, PM10, PM2.5 and PM1 at TIs as described in Section 1.3. This section 
provides information on methods used to calculate the respiratory deposition doses. Measuring 
particles in the required size range was performed using a DMS50 for measurements of PNCs 
and particle number distributions (PNDs) and using a GRIMM (1.107 E) instrument for 
measuring PMCs and PMDs. The AQMesh was used to measure the concentration of gaseous 
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pollutants (i.e. NOx) during both the campaigns. Garmin GPS was used to log the position of 
the car during mobile measurements. Table 3.1 shows the instruments used in the various 
Chapters of the thesis and the detailed descriptions of these instruments and their working 
principles are presented in Section 3.2. Methods to estimate air exchange rate, delay events, 
ZoI and exposure doses are presented in Section 3.3. 
Table 3.1. Instruments used in the various Chapters of this thesis 
Chapter  DMS50 
GRIMM 
(1.107E) AQMesh 
Garmin 
GPS 
Chapter 4 - Results of mobile measurements 
for nanoparticles √   √ √ 
Chapter 6 - Results of fixed-site 
measurements for nanoparticles √   √ √ 
Chapter 7 -Fixed-site and mobile 
measurements for nanoparticles   √ √ √ 
* Data collected in Chapters 4, 6 and 7 has been used in Chapters 5, 8 and 9.  
3.2 Instrumentation 
3.2.1 DMS50 
The fast response DMS50 was used to measure particles in the 5-560 nm size range 
sub-divided into 34 channels. It measures particles based on their electrical mobility. Electrical 
mobility is the ability of charged particles to move through a medium in response to an electric 
field that is pulling them. This instrument provides the PNDs and PNCs in real time at a fast 
frequency of 10 Hz. It can theoretically detect a particle of as small as 0.0056 µm in size and 
measured number concentrations of the order of 107 # cm−3. The DMS50 samples air at a rate 
of 6.5 l min–1 and further details of working principle of the DMS50 are described in the review 
by Kumar et al. (2010).   
For quality assurance of the measurements by instrument, the DMS50 was calibrated 
by the manufacturer using the three-step procedure. The first step is the fundamental base 
calibration. It arises from a detailed computer model of the instrument, which takes into 
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account the particle and sheath flows, the unipolar diffusion charger characteristics, and 
classifier column’s voltage, pressure, temperature and geometry. The probability distribution 
of electrical charges on a particle of given size is calculated, and this is used to predict which 
rings such particles are likely to land on given the conditions of the classifier. This model 
produces a complete transfer function for the instrument mapping particle size to ring currents. 
After the DMS has been checked for correct operation with its internal flows within tolerance, 
the computer generated transfer function is empirically adjusted with real aerosols. The second 
step is the calibration of sub-100 nm particles for size and number. Aerosols used for this 
purpose are: nucleated liquid Sulphuric acid (around 15 nm in size) and atomised and dried 
solid Sodium Chloride (around 50 and 100 nm in size). These aerosols are size selected with a 
TSI 3080 electrostatic classifier (with 3081 DMA). The monodisperse aerosol stream is split 
into two, with half passing through a radioactive neutraliser into the DMS, and the other half 
passing through a Faraday cage electrometer system. The size and concentration are measured 
by the DMS and compared with the size set by the DMA and the concentration measured by 
the electrometer. The third step is calibration of supra-100 nm particles for size and number. 
For this purpose, National Institute of Standards and Technology (NIST) certified traceable 
Polystyrene Latex (PSL) spheres of a specific size are used. These are nebulised in aqueous 
suspension, then dried and neutralised before being sampled by the DMS. Thereafter the 
standard PND for a certified size is compared with PND produced by DMS for PSL of the same 
size. After empirical adjustment of the transfer function, a new “.dmd” file containing the new 
matrix is loaded, and the instrument is then checked against similar aerosols. 
For quality assurance during the experimental campaign, testing reported here was 
undertaken within the one-year calibration period. The DMS50 was cleaned before each 
sampling day to remove dust particles accumulated on the electrometer rings.  
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3.2.2 GRIMM (1.107E) 
The GRIMM (1.107E) was used to measure particles in the 0.22-32 µm size range 
sub-divided into 32 channels. It counts the particles based on light-scattering technology. The 
instrument has a flow rate of 1.2 l minute–1 and sampling frequency of one sample in every 6 
seconds. It can detect up to 2×106 particles l–1. The sample passes through the sample cell, past 
the laser diode detector and is collected onto a 47-mm polytetrafluoroethylene (PTFE) filter. 
The entire sample is collected on the PTFE filter, which can then be analysed gravimetrically 
for verification of the reported aerosol's mass ( Grimm and Eatough, 2009).  
To ensure the quality of the collected data, firstly the instrument was calibrated in a 
three-step process by the manufacturer prior to on-site measurements. Secondly, we carried out 
on-site calibration by weighing (µg) the PTFE filters that collected particle mass during the on-
site measurements and compared these mass with the data of PM mass produced by the 
instrument (Azarmi and Kumar, 2016). Both of these verifications lead ≤6% of the difference 
between standard measurements and instrument unit, which is considered acceptable without 
any correction factor. 
3.2.3 AQMesh 
 The AQMesh is a wireless, highly sensitive, sensor-based air quality monitor that is 
designed to measure the concentrations of major traffic-generated pollutants (i.e. nitric oxide 
(NO), nitrogen dioxide (NO2), sulphur dioxide (SO2), carbon monoxide (CO) and ozone (O3)) 
as well as the levels of humidity, temperature and atmospheric pressure. Raw signal strength 
from sensors is transmitted by GPRS to a cloud server. Thereafter the raw output from sensors 
is processed on the secure cloud server, including the mathematical processing which deals 
with cross-gas effects and environmental factors. The instrument is run by batteries, which 
have a lifespan of around 2 years. 
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3.2.4 Garmin GPS 
A Global Positioning System (GPS) device (model: Garmin Oregon 350) was used to 
record sampling locations and speed of the car during the mobile campaign on a second basis 
(1 Hz). The data collected from the GPS in “.gpx” format was converted to Microsoft Excel 
through the map source software. ArcMap version 10.1 was used to plot spatial variations of 
PNCs, velocity, PM10, PM2.5 and PM1 during the different runs (Goel and Kumar, 2015a,b).    
3.3 Common methodology 
3.3.1 Estimation of Air exchange rate during mobile campaign 
Air exchange rate (AER) is estimated by use of tracer gas technique and three non-
smoking passengers were considered as a source of the tracer gas (i.e. carbon dioxide; CO2). 
When the vehicle starts, CO2 will start building up in the cabin. After some time, the cabin is 
assumed to become a well-mixed zone. The mass balance of tracer gas concentration inside the 
cabin (C) can be represented by Eq. (3.1). 
ݒ௖
ௗ஼
ௗ௧
= ܳ(ܥ௘ − ܥ௧)                                                                                         ( 3.1) 
Where, Ce is the concentration of tracer gas in external environment, Ct is the internal 
concentration of tracer gas at time t, Q is specific air flow rate through the cabin in m3s-1 and 
vc is the effective volume of enclosure, m3. Assuming the negligible external concentration of 
gas, the Eq. (3.1) reduces to Eq. (3.2).  
ௗ஼
஼೟
= − ொ 
௩೎
݀ݐ                                                                                                                         (3.2) 
Assuming the constant flow rate Q, and solving by integration, Eq. (3.3) is obtained 
∫
 ௗ஼
஼೟
஼(೟)
஼(బ) = − ொ ௩೎ ∫ ݀ݐ௧ୀ௧௧ୀ଴     
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ܥ௧ = ܥ௢ࢋି(ࡽ/ࢂࢉ)×࢚                                                                                               ( 3.3) 
where Co is an initial concentration in a well-mixed car cabin, and t is time taken for 
decay.  
 
 
 
 
 
 
 
Figure 3.1. In-cabin carbon dioxide concentration with respect to time during morning peak 
hours during mobile measurement. 
For instance, time series of in-cabin CO2 during one of the run of mobile measurement is shown 
in  
Figure 3.1; two exponential decay events can be clearly identified during the 
measurement period. During first decay event: t = 160 s; Vc = 9.3 m3; Ct = 742 ppm and Co = 
2330 ppm. Therefore, Q comes out 237 m3 h–1 by applying Eq. (3.3).  During the second 
exponential decay event: t = 258 s; Ct = 134 ppm and Co = 1157 ppm and Q comes out 277 m3 
h–1 by applying Eq. (3.3). Therefore, average AER during the run is 257 m3 h–1.  Using the 
similar methodology, AER for other runs were estimated and results are presented in Section 
4.2. 
3.3.2 Estimation of delay at TIs during mobile campaign 
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Delay at a TI is the time lost by a commuter due to signal and traffic conditions. There 
are many types of delays (e.g. approach, stopped–time, travel-time, time-in-queue and control) 
that can be measured at a TI serving different purposes in transportation engineering (Darma 
et al., 2005). Control delay is generally measured to analyse the effect of control such as traffic 
signal and it is a sum of deceleration, stop and acceleration delays (Sekhar et al., 2013). 
Velocity-time plots were drawn to identify the locations where deceleration and acceleration 
happened in the vicinity of a TI during the mobile measurements. Distance-time plots were 
drawn for calculating the corresponding delays. Thereafter, deceleration, stop and acceleration 
delays were estimated by using Eqs. (3.4), (3.5) and (3.6), respectively (Quiroga and Bullock, 
1999). 
 
                         Deceleration delay (Td)  =  Tୢ ୣ − Tୢ ୱ − ቂ(୐ౚ౛ି୐ౚ౩)୚౜౜ ቃ                         (3.4) 
                         Stop delay (Ts ) = T୧ୣ − T୧ୱ − ቂ(୐౟౛ି୐౟౩)୚౜౜ ቃ                                        (3.5) 
           Acceleration delay (Ta) =  Tୟୣ − Tୟୱ − ቂ(୐౗౛ି୐య౗౩)୚౜౜ ቃ                                       (3.6) 
 
Where Vff (m s–1) is free-flow speed of the vehicle. As described in Figure 3.2, T (s) 
and L (m) represent time and location of the experimental car, respectively. The first letters in 
subscripts represent the delay type (i.e. d, s and a are deceleration, stop and acceleration, 
respectively) and the second letters in the subscripts e and s are end- and start-point of delay 
types, respectively. 
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The examples of such plots for a delay event at a TI during the mobile campaign are 
shown in Figure 3.2. Based on the Figure 3.2, Tds = 1.5 s; Tde or Tis = 20 s; Tie or Tas = 40 s; Tae 
= 57 s; Lds = 10 m; Lis or Lde = 125 m; Las or Lie = 140 m and Lae = 205 m. By using the Eqs. 
(3.4-3.6)  and Vff = 7 ms-1, deceleration, stop and acceleration delays are estimated as 2.08, 
17.85 and 7.71 s, respectively. 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. (a)  Distance versus time, and (b)  velocity versus time,  plots of an experimental 
car during a delay event at a  TI. 
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These types of plots (velocity-time and distance-time) were drawn for each of the 
delay events at TIs on the study route during the mobile campaign. A total of 210 plots, 
covering each of 10 TIs during 21 runs made under Set1, which is considered equivalent to on-
road measurements, were drawn to estimate the control delay at TIs.The results of this analysis 
are presented in Chapter 4. 
3.3.3 Estimation of ZoI  
ZoI of a pollutant is defined as an area in horizontal or vertical direction, which is 
affected due to the high concentration of the pollutant of concern. Assuming the well-mixed 
zone along the width of the road, the longitudinal distance along the road at both sides from 
the centre a TI that experiences elevated the level of exhaust emissions due to interruptions in 
traffic flow produced at the traffic signals has been estimated. This affected longitudinal length 
of the road is referred as a ZoI of a TI. As explained in the Section 5.3.1, ZoI serve different 
purposes depending on individual’s choice. For example, the maximum length of ZoI at a TI 
can be considered for dispersion modelling purposes because it cover all possible receptor 
locations around a TI that are affected by higher particle number emissions. 
In order to estimate the ZoI in the longitudinal direction of the road, PNC data for 
±200 m distance from the centre of each of the TI was extracted. This preliminary distance was 
chosen with an assumption that the effect of traffic lights on emissions die back to normal 
during free-flow traffic conditions by the end of 200 m in each direction. This assumption is 
based on our field observations, where we have observed an average driving speed less than 20 
km h−1 within ±200 m and greater than 25 km h−1 beyond 200 m. To estimate the ZoI, driving 
speed and PNC profiles for all the 22 runs at each of the ten TIs were plotted with respect to 
changing distance from the centre of a TI, resulting in a total of 220 profiles. We assumed that 
the ZoI is a length of a road section between points of intersections around a TI where driving 
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speed and PNC profiles intersect each other, as seen in Figure 3.3. The ZoI represents a drop 
in driving speed with a corresponding rise in PNC (Figure 3.3). First and second points of the 
juncture in the driving direction of the experimental car are defined as X1 and X2, respectively 
(Figure 3.3). The results of this analysis are presented in Chapter 5. 
 
 
 
 
 
 
 
 
Figure 3.3. An example of PNC and driving speed profile with respect to changing the distance 
from the centre of a TI1 during run 20. 
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to have physically meaningful solutions. It is thus a weighted least square problem in which a 
certain number of factors have to be determined in order to minimise an ‘object function’. Thus, 
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the PMF model can provide an inherently better understanding of the data than eigenvector-
based methods (i.e. PCA). Moreover, it allows weighing of individual data points. Due to the 
individual weighing of data points, problematic data such as outliers or below detection limit 
can be entered into the model with appropriated weight, avoiding rejection of such data (JRC, 
2009). 
In this thesis, PMF is used to estimate the contribution of PNCs emitted during 
different driving conditions to total PNCs at a TI. These contributions can be further used to 
estimate the driving condition specific PNEF from average PNEF as PNEFs are directly 
proportional to PNCs. Receptor models such as PMF are mostly applied to ambient particle 
chemical composition data in such a way that solution is a combination of a certain number of 
emission sources that are known as factors. By applying PMF to on-road PND data, results 
obtained were driving conditions (instead of emission sources), and the size distribution of 
emissions in such driving conditions (instead of chemical profiles) (Domínguez-Sáez et al., 
2012). PMF analysis is carried out using the US EPA's PMF model (version 5.0) for quantifying 
the contribution of traffic-produced PNCs during deceleration, creep-idling, acceleration and 
cruising towards the total PNCs measured at the TIs and the rest of the study route in a mobile 
campaign. The input dataset composed 32 variables. These variables included PNDs in 32 size 
classes covering a size range of 5-560 nm. The uncertainty data file supplied by the instrument 
manufacturer (Cambustion Ltd., Cambridge), consisting of size-specific minimum detection 
limits and error fractions, was also included in the PMF (Al-Dabbous and Kumar, 2015). 
Unlike Domínguez-Sáez et al. (2012) who used median PNDs curve on sub-sections of their 
study route to prepare input data for PMF, the run-wise data of mobile campaign related to the 
study route is used in this thesis. A sample run of PMF is performed by arranging input data 
using the following different approaches. Firstly, time series PND data of all runs were 
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averaged since the total duration of each run was nearly similar (960±240 s). Secondly, PMF 
model was run separately for 22 individual runs and then taking up an average of resulted 
source profiles. Lastly, run-wise PND data was stacked on top of each other. All the three 
approaches resulted in similar source profiles and therefore the third approach to arranging 
input data for PMF was selected since this approach enabled us to compare the time series of 
the normalised contribution of each of the factor with variations in driving speed. This 
comparison played an important role in assigning different factors to different driving 
conditions.  The results of this analysis are presented in Chapter 5. 
3.3.5 Estimation of PNEF 
Based on 15 min average PNC data of fixed-site campaign, PNEFs were calculated 
for the mixed vehicle fleet during congested driving conditions at the TIs. This averaging time 
for estimating the PNEFs was selected to match the sampling rate of NOx concentrations, 
which was 15 min. The congested driving condition is referred here to the simultaneous 
occurrence of free-flow as well as stop and go traffic conditions at the TIs due to changing the 
colour of the traffic signal on different legs of the TI. For example, stop and go conditions will 
persist at the road leg with a red signal but at the same time, the leg with a green signal will 
contain free-flow traffic conditions. In addition, separate emission factors for free flow 
conditions at TIs were calculated from the data of mobile campaigns. The NOx-tracer method, 
which has been used by earlier studies (Gehrig et al., 2004, Jones and Harrison, 2006 and 
Nickel et al., 2013), was applied to determine the size-dependent PNEFs. This approach 
assumes dispersion of particles similar to gaseous pollutants during their transport from the 
point of emission (i.e. tailpipe) to the point of measurement (i.e. near roadside). The PNEFs 
were then measured for a mixed vehicle fleet by using an Eq. (3.7). 
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ܲܰܧܨ =  ோ×∑൫ாி೔,ಿೀೣ×௡೔൯
∆ேை௫
× ∆௉ே஼
௡೑೗೐೐೟
                                               (3.7) 
where 
෍ܧܨ௜,ேை௫ × ݊௜ =ܧܨௗ௜௘௦௘௟ ௖௔௥,ேை௫ × ݊ௗ௜௘௦௘௟  ௖௔௥ + ܧܨ௣௘௧௥௢௟  ௖௔௥,ேை௫ × ݊௣௘௧௥௢௟ ௖௔௥ + ܧܨ௅஽௏,ேை௫× ݊௅஽௏ + ܧܨ஻௨௦,ேை௫ × ݊௕௨௦ + ܧܨ௧௥௨௖௞,ேை௫ × ݊௧௥௨௖௞ + ܧܨ௠௢௧௢௥௖௬௖௟௘,ேை௫× ݊௠௢௧௢௥௖௬௖௟௘ 
∆ܲܰܥݏ and ∆ܱܰݔ are the net PNC and NOx concentrations at the TIs; these were 
obtained after taking the background values from the total measured concentrations. nfleet is the 
traffic volume counts; i is the category of vehicles (i.e. diesel and petrol fuelled cars, light duty 
diesel vehicles, bus, truck and motorcycle). EFi, NOx is emission factors of NOx for different 
categories of vehicles based on urban driving cycle from the National Atmospheric Emission 
Inventory (DEFRA, 2013). In the NAEI (2011), emission factors are estimated based on urban 
driving cycle which has less frequent stop and go traffic conditions as compare to those 
observed at the TIs (Goel and Kumar, 2015a). Therefore, to modify the emission factors taken 
from NAEI for more congested traffic driving conditions such as those at the TIs, the ratio (R 
= NOxC/NOxF) of NOx concentrations during congestion (NOxC) and free flow (NOxF) were 
estimated at the studied TIs. These ratios are used as a correction factors for emission factors 
based on NAEI (2011). 
To calculate the NOxC/NOxF, at first, the correlation between NOx concentrations and 
PNCs were estimated at two TIs (see Figure 3.4a-b). These relationships represent the 
combined effect of free flow and congested conditions at TIs. Thereafter, a similar correlation 
was estimated for free flow conditions based on data from campaign explained in detail in 
Chapter 4 (see Figure 3.4c). 
Therefore based on Figure 3.4, for free flow (F) + congestion (C) at 4-way TI:  
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ܱܰݔிା஼ = 0.0055ܲܰܥிା஼ + 24                                       (3.8) 
F+C at 3-way TI:      
ܱܰݔிା஼ = 0.0058ܲܰܥிା஼ + 17                                      (3.9) 
F at TI:  
ܱܰݔி = 0.0058ܲܰܥி + 17                                              (3.10) 
Based on the Eqs (3.8-3.10), the ratio NOxC/NOxF will be: 
ேை௫಴
ேை௫ಷ
= ேை௫ಷశ಴ିேை௫ಷ
ேை௫ಷ
                                                            (3.11) 
ேை௫಴
ேை௫ಷ
= ேை௫ಷశ಴
ேை௫ಷ
− 1                                                                (3.12) 
For 4-way TI, Eq. (3.12) becomes Eq. (3.13) after substituting the values of NOxF+Cand NOxF 
from Eq. (3.8) and (3.10) and neglecting the constants in Eqs. (3.8) and (3.10) which are not 
significant: 
ேை௫಴
ேை௫ಷ
= ଴.଴଴ହହ (௉ே஼)ಷశ಴
଴.଴଴ଷଽ (௉ே஼)ಷ − 1                                                              (3.13) 
By substituting the value of (PNC)F+C  and (PNC)F as 8.1× 104 and 8.0× 104 from our previous 
campaign which is explained in Goel and Kumar (2015), the ratio of  NOxC/NOxF is 0.43. 
For 3-way TI, Eq. (3.12) becomes Eq. (3.14) after substituting the values of NOxF+Cand NOxF 
from Eq. (3.9) and (3.10) and neglecting the constants in Eqs. (3.9) and (3.10), which are not 
significant: 
ேை௫಴
ேை௫ಷ
= ଴.଴଴ହ଼ (௉ே஼)ಷశ಴
଴.଴଴ଷଽ (௉ே஼)ಷ − 1                                                                  (3.14) 
By substituting the value of (PNC)F+C  and (PNC)F as 8.1× 104 and 8.0× 104 from our previous 
campaign which is explained in Goel and Kumar (2015a),  the ratio of  NOxC/NOxF is 
0.51.Therefore the modified emission factor of NOx at 4-way and 3-way TI are 1.43 and 1.51 
times of NAEI emission factor of NOx for urban driving conditions, respectively. These modified 
factors are used in Eq. (3.7) to calculate the size specific PNEF. The estimated PNEFs are 
presented in Chapter 6. 
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Figure 3.4. (a) Correlation between NOx and PNCs at 4-way TI, (b) correlation between NOx 
and PNCs at 3-way TI and (c) correlation between NOx and PNCs in free-flow conditions 
based on the mobile campaign, which is explained in Chapter 4. 
3.3.6 Estimation of exposure doses for health risk analysis 
Estimation of the potential health risk to commuters by inhalation of particulate matter 
and nanoparticles is estimated in terms of respiratory deposition dose rate (i.e. RDD, which is 
defined as number or mass of particles deposited in lungs per unit time). Commuters are 
exposed to disproportionately high PM and PN concentration at TI. 
The RDD rate received by an individual is related to the breathing rate, the period of 
exposure and the difference between the numbers of particles inhaled and exhaled during each 
breath (Hofmann, 2011). The RDD rate can be estimated by using algebraic and semi-empirical 
deposition models. The deposition fraction model of the International Commission on 
Radiological Protection (ICRP, 1994) is a commonly accepted approach, which is applied here 
and also adopted by Goel and Kumar (2015a) and Azarmi and Kumar (2016). 
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3.3.6.1 Exposure doses of nanoparticles 
The RDD rate is estimated for a male for light exercise condition. RDD rates are a 
product of a number of particles inhaled and exhaled, breathing rate, deposition fraction and 
duration of exposure. Tidal volume and breathing rate depend on age, gender and the level of 
activity. In this study, typical breathing rate (f) of 20 min−1 and tidal volume (VT) of 1.25 l for 
a male adult under light exercise were applied (ICRP, 1994). The deposition fraction (DF) 
depends on the size distribution of particles. Size-dependent deposition fractions were 
estimated for mobile and fixed-site measurements and thereafter, RDD rates are estimated by 
using the Eq. (3.15). 
ܴܦܦ ݎܽݐ݁ =  (ܸܶ × ݂)∑ ܲܰܥ௜ × ܦܨ௜ଷଶ௜ୀଵ                                           (3.15) 
Where i is the size of the particle represented by diameter. 
 
3.3.6.2  Exposure doses of PM10, PM2.5 and PM1 
The mass-based respiratory deposition doses are estimated based on Eq. (3.16) 
ܴܦܦ ݎܽݐ݁ =  ܸܶ × ݂ × ܦܨ௜ × ܲܯ௜                                                    (3.16) 
Where DF values are estimated (see Figure 3.5) based on the mass median diameter 
(dp) of  
PMCs in various size ranges using the Eqs. (3.17-3.18) given by Hinds (1999): 
ܦܨ = ܫܨ × ൬0.058 + ଴.ଽଵଵ
ଵା௘௫௣൫ସ.଻଻ା୪୬ௗ೛൯ + ଴.ଽସଷଵା௘௫௣൫଴.ହ଴଼ିଶ.ହ଼୪୬ௗ೛൯൰             (3.17) 
Where IF is the inhalable fraction that is computed as: 
ܫܨ = 1 − 0.5 ൬1 − ଵ
ଵା଴.଴଴଴଻଺ௗ೛మ.ఴ൰                                                            (3.18) 
50 
 
The estimated MMD and DF for PM10, PM2.5 and PM1 for mobile and fixed-site 
campaign are shown in Table 3.2. In this study, typical breathing rate (f) of 20 min−1 and tidal 
volume (VT) of 1.25 l for a male adult under light exercise were applied to estimate RDD rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. An example of Set2 showing a method to estimate the MMD of (a) PM10, (b) PM2.5 
and (c) PM1.   
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Table 3.2. Average deposition fraction (DF) of PM10, PM2.5 and PM1 during mobile and fixed-
site measurements. “࣌” refers to standard deviation and MMD means mass median diameter 
that have been estimated using method explained in Figure 3.5. 
 
Monitoring type Ventilation 
setting/ 
type of TI 
DF for PM10, 
average± ߪ 
(MMD, µm) 
DF for PM2.5, 
average± ߪ 
(MMD, µm) 
DF for PM1 , 
average± ߪ 
(MMD, µm) 
Mobile  Set1 0.92±0.04 (4.0) 0.24±0.11 (0.7) 0.13±0.003 (0.3) 
Set2 0.88±0.06(3.2) 0.23±0.01 (0.7) 0.15±0.02 (0.4) 
Set3 0.80±0.09 (2.2) 0.15±0.02 (0.4) 0.13±0.002 (0.3) 
Set4 0.95±0.001(4.6) 0.32±0.03 (0.8) 0.13±0.001 (0.3) 
Set5 0.94±0.004(4.1) 0.32±0.115 (0.8) 0.13±0.003 (0.3) 
Fixed-site 3-way 0.84±0.01(2.3) 0.14±0.02 (0.4) 0.13±0.002 (0.3) 
4-way 0.88±0.01(2.5) 0.14±0.02 (0.4) 0.13±0.002 (0.3) 
 
 
3.4 Chapter summary 
This chapter summarises the set of instruments and materials used for measuring the 
particle number and mass concentrations and also presents the methods used to estimate delay 
events, zone of influence of a TI, PNEFs and exposures. The chapter also explained the use of 
PMF technique to estimate the contribution of PNCs emitted during different driving 
conditions at a TI to total PNCs at a TI. Further information about the results of the mobile and 
fixed-site campaigns are presented in Chapters 4, 5, 6, 7, 8 and 9. 
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Chapter 4 
EXPERIMENTAL CAMPAIGN 1 - MOBILE 
MEASUREMENTS 
This chapter presents the results of the mobile measurements carried out as a part of 
experimental campaign 1 for nanoparticles. The objectives were to: (i) identify traffic 
conditions under which TIs become hot-spots for PNCs, (ii) assess the effect of ventilation 
settings in free-flow and delay conditions (waiting time at a TI when traffic signal is red) on 
in-cabin PNCs with respect to on-road PNCs at TIs, and (iii) deriving the relationship between 
the PNCs and change in driving speed during delay time at the TIs. The chapter ends with a 
summary and this work appeared in Goel and Kumar (2015a). 
 
4.1 Introduction 
Epidemiological studies have found an association between airborne nanoparticles 
and cardiovascular and respiratory diseases (Gwinn and Vallyathan, 2006; Valavanidis et al., 
2008). Recent studies have shown that commuters’ exposure to average PNCs in urban areas 
can be ~1.5-times higher while travelling by car and buses compared with walking along 
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roadsides (Kaur et al., 2005). Even a brief exposure to high PNCs can contribute to the 
significant proportion of daily average exposure. For instance, the work of Fruin et al. (2008) 
showed that ~6% of total commuting time spent in the car in American road environment can 
contribute ~36% of daily average exposure (i.e. the sum of indoor, outdoor and in-vehicle 
exposure) to PNCs. Similarly, Dons et al. (2012) showed that ~3.6% of daily time spent in 
transport microenvironment (i.e. car) in Belgium contributed to ~14.5% of average daily 
exposure to PNCs. A similar contribution of exposure to PNCs during commuting can be 
expected for individuals living in the UK and elsewhere (Knibbs et al., 2011). What is currently 
unknown from published studies is that how much fraction of total commuting exposure occurs 
while travelling through the TIs, which is one of focus area of this Chapter.  
Assessing human exposure to PNCs in urban transport environment is challenging 
(Ragettli et al., 2013) since PNCs vary throughout the commuting route due to constant changes 
in driving speed, traffic characteristics (i.e. traffic volume and percentage of petrol and diesel-
fuelled vehicles) and topography (Goel and Kumar, 2014). Signalised TIs are places where 
higher peaks of PNCs occur quite frequently compared to the rest of the route with relatively 
noncongested conditions - these locations are generally termed as pollution hot-spots (Goel 
and Kumar, 2014). As highlighted in the Section 2.4, ~17- and 5-fold larger values of peak 
PNCs at TIs (5.4±1.7 ×105 # cm-3; Tsang et al., 2008) compared with average typical roadside 
PNCs in European (3.2±1.6 ×104 # cm–3; Kumar et al., 2014a) and Asian (1.2±1.0 ×105 # cm–
3; Kumar et al., 2014a) urban environments, respectively. Characterisation of circumstances 
under which TIs become a hot-spot is, therefore, important to understand to reduce the 
exposure to vehicle emitted PNCs during commuting. However, this aspect is largely unknown 
and is taken up for investigation in this Chapter.  
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While a number of commuting exposure assessment studies has emerged in the recent 
past (Hudda et al., 2011; Joodatnia et al., 2013a, b; Knibbs et al., 2010; Zhu et al., 2007), studies 
focusing on exposure assessment at TIs are still scarce. For example, only a few studies have 
carried out fixed-site measurements at TIs (Holmes et al., 2005; Morawska et al., 2004; Tsang 
et al., 2008; Wang et al., 2008). Given that the PNDs vary significantly within short distances 
from the roadside, fixed-site measurements away from the source may result in underestimation 
of commuter exposure (Fujitani et al., 2012b; Knibbs et al., 2011; Ragettli et al., 2013). 
Moreover, the frequency of measurements in fixed-site studies at TIs ranges from 0.0034-1 Hz 
(see Table 2.3). These measurements offer limited information about the transformation 
processes (e.g. nucleation, coagulation, condensation and deposition) that occur on very short 
timescales i.e. much lesser than 1 s (see Table 2.4 and Carpentieri and Kumar, 2011; Kumar et 
al., 2009b, 2010), clearly highlighting a need for fast response mobile measurements that are 
capable of capturing the particle dynamics (Kumar et al., 2011b) - an aspect that is covered as 
a part of this Chapter.   
A few studies have assessed the effect of vehicle age, ventilation settings, driving 
speed and the transformation of PNCs inside the car cabins during commuting. These studies 
have reported that in-cabin PNCs increase with the increase in age of vehicles and by switching 
the ventilation setting from recirculation to outdoor air intake (Hudda et al., 2011; Knibbs et 
al., 2010; Zhu et al., 2007). Dilution is the foremost process governing PNCs inside the cabin, 
and their concentration at TIs can be as high ~3.8×104 # cm-3 on congested highways (Holder 
et al., 2014), which are ~1.2-times larger than those generally seen along the roadsides in 
European environments (~3.2×104 # cm–3) (Kumar et al., 2014a). However, as analysed in the 
current Chapter, none of the published work so far have investigated the effect of driving and 
ventilation conditions on the in-cabin and on-road PNCs at the TIs.  
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To compare the effect of ventilation conditions on in-cabin PNCs, we have monitored 
the size-resolved distribution of particles, pseudo-simultaneously, inside and outside the car 
cabin under five different ventilation settings. Pseudo-simultaneous measurements were 
conducted by using a purpose-built solenoid switching system together with a fast response 
differential spectrometer. Also, except a few, e.g. Hudda et al. (2011), the majority of existing 
commuter exposure studies have focused on total particle number counts but not on PNDs that 
alter rapidly both spatially and temporally by transformation processes (Kumar et al., 2011b). 
Therefore, instruments with a high scanning time (e.g. in seconds) are not suited to capture the 
high-resolution data of PNDs. Mobile campaign setup has provided size-resolved data of PNDs 
at the fastest possible sampling rate by any commercially available instrument (i.e. 10 Hz), 
pseudo-simultaneously both inside and outside the car-cabin to capture PNC variations at the 
TIs. This feature of fast temporal resolution and pseudo-simultaneous measurements has not 
been covered by earlier studies.   
In order to fill the above-noted research gaps, this Chapter aims to: (i) identify the 
traffic driving conditions under which a TI becomes hot-spot of PNCs, (ii) assess the effect of 
ventilation settings in free-flow and delay conditions on PNCs at TIs, (iii) derive relationship 
between PNCs and change in driving speed during delay conditions at TIs, and (iv) analyse the 
effect of geometries of TIs on PNCs during delay events. 
4.2 Methodology 
4.2.1 Route characteristics 
The mobile monitoring was carried out on a 6 km long fixed route (Figure 4.1a). This 
route was chosen with an intention to pass through a maximum number of TIs with different 
geometrical features, traffic and surrounding built-up conditions. The selected route passed 
through 1 big roundabout, 10 major TIs (see details in Table 4.1), and 3 mini roundabouts. All 
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these TIs had either single or double carriageways on each road (Figure. 4.1a). The study route 
is built of flexible bituminous pavement. The entire route was broadly divided into three zones 
according to different traffic and driving conditions, brief details of each of the zones are 
described below: 
  Zone 1 covers the first 2.25 km of the route that included TI1, TI7, TI8, TI9 and TI10. This 
zone includes a route passing through the main bus station, railway station and city centre. 
It is the most congested zone of the route with an average driving speed of 19±16 km h–1 
and 24±16 km h–1 during morning and evening runs, respectively. The percentage of heavy-
duty vehicles (HDVs) in total fleet varied from 2 to 8% on different parts of the roads in 
this zone (Transport, 2013). The width of the road in this zone varied from ~11 to 21 m and 
height of buildings in the 6-12 m range. TI8 and TI10 were surrounded by a canyon with an 
aspect ratio of ~0.8 and 0.9, respectively.  
 Zone 2 covers next 2.25 km of the route that included TI6, TI5, TI4, and TI3. This zone 
includes a route passing through the local market area, residential complex and a school. 
This is the second most congested zone, having an average driving speed of 23±14 km h–1 
and 20±14 km h–1 during morning and evening runs, respectively. The percentage of HDVs 
in total fleet varied from 2-4% on different roads of the zone (Transport, 2013). The width 
of the road in this zone varied from ~8 to 16 m while the height of buildings in the 6-9 m 
range. TI5 was surrounded by a canyon with an aspect ratio of ~0.8. 
  Zone 3 covers the remaining 1.5 km of the route that consisted TI3, TI2, and TI1.  This zone 
is near to a Guildford business Centre and an industrial estate, the average driving speed in 
this zone was 25±21 km h–1 and 27±15 km h–1 during morning and evening runs, 
respectively. The percentage of HDVs in total fleet varied from 2–4% on different roads of 
57 
 
this zone (Transport, 2013). The width of the road in this zone varied from ~22 to 34 m 
while the height of buildings in the 6-8 m range. 
Average daily traffic flow on different roads intersecting these TIs was obtained from 
the Transport (2013). Total traffic volume at a TI was estimated by summing the traffic flow 
on each of the roads intersecting at a TI. TI8  and TI7 cater to the highest traffic flow of 160824 
veh day–1 while it was lowest (9846 veh day–1) at the TI3. Further details of traffic volume and 
the TIs are presented in Table 4.1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. (a) Study route along with velocity variations of the experimental car during a 
typical morning run. Traffic intersections covered are marked with blue circles. (b) 
Experimental setup showing instruments and monitoring locations inside (i.e.1) and outside 
(i.e. 2). 
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Table 4.1. Description of studied TIs and the summary of PNC, GMD and delay periods obtained during measurements; ‘σ’ stands for standard 
deviation and ‘ࡺ’ represents average PNCs. 
 
Traffic 
intersection 
 
Description 
Number of roads 
intersecting at a 
TI and their 
characteristics 
Built-up area around 
a TI ܰ5–560 ± σ5-560 during 
delay event (cm–3) ×105 
GMD (nm) 
Average 
velocity 
during delay 
± σ  (km h–1) 
Control delay 
 ± σ  (s) 
Average daily 
traffic  
(Veh day-1) 
5-30 nm 30-300 nm 
TI1 
The intersection of two A–class 
roads near commercial zone of the 
city. It caters traffic from town 
centre towards commercial hub in 
the north direction, a business park 
in west direction and sly- field 
industrial estate in south direction. 
Four roads with 
two-way traffic. 
2-3 buildings with 
average building height 
of 6m 
1.01±0.69 0.64±0.34 22±3 5±7 57±31 
81066 
TI2 
The intersection of two A-class 
roads. Slyfield industrial estate is 
located in north direction and 
Guildford business park in west 
direction. 
Four roads with 
two-way traffic. 
No buildings 
3.15±5.42 0.42±0.22 13±2 6±9 9±26 
45104 
TI3 
T-type intersection of A-class and 
b-class road. Slyfield industrial 
estate in north and stoke park on the 
south side of the intersection.  
Three roads with 
two-way traffic. 
Residential area with 
average height of 
buildings around 6m 0.84±0.84 0.29±0.22 16±3 8±7 2±8 
9846 
TI4 
The intersection of two A-class 
roads. The intersection is 
surrounded mainly by residential 
area. 
Four roads with 
two-way traffic. 
 
Residential area with 
average height of 
buildings around 6m 
2.64±3.35 0.40±3.10 11±2 7±13 3±24 
143508 
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TI5 
T-type street canyon intersection. 
The intersection is surrounded by 
local market area. 
Three roads with 
two-way traffic. 
 
Surrounded by a street 
canyon with an aspect 
ratio of 0.8 and average 
height of buildings 
around 9m 
0.36±0.32 0.31±0.24 26±3 10±7 8±10 
56284 
TI6 
The intersection of two A-class 
roads. City centre in west direction 
and Slyfield industrial estate in the 
north direction. 
Four roads with 
two-way traffic. 
 
Residential area with 
average height of 
buildings around 6m 0.88±0.56 0.59±0.30 24±3 6±8 5±24 
103680 
TI7 
T-type intersection of A-class and 
b-class road. Main bus park situated 
in Southeast corner of the 
intersection. 
Three roads with 
two-way traffic. 
 
Commercial area with 
average height of 
buildings 8m 1.28±0.82 0.97±0.54 26±2 7±8 9±6 
160824 
TI8 
Y-type street canyon intersection.  
Railway station is situated in west 
side of the intersection and city 
centre is situated in south side. 
Surrounded by densely packed 
buildings. 
Two roads with two 
way traffic and one 
with one with one 
way traffic. 
Surrounded by a street 
canyon with an aspect 
ratio of 0.8 and average 
height of buildings 
around 12m 
1.61±1.57 1.04±0.82 24±2 7±8 4±21 
160824 
TI9 
T-type intersection of two A-class 
roads.  Situated near city centre and 
railway station. 
Two roads with two 
way traffic and one 
with one with one 
way traffic. 
2-3 buildings with 
average building height 
of 6m 1.30±0.76 0.77±0.27 22±3 7±7 6±9 
- 
TI10 
Four way intersection of two a-class 
roads. Railway station on north- 
west corner, city centre in south east 
corner.  Surrounded by densely 
packed buildings. 
Two roads with two 
way traffic and two 
with one with one 
way traffic. 
Surrounded by a street 
canyon with an aspect 
ratio of 0.9 3.86±3.74 1.13±1.19 13±3 9±7 9±14 
107784 
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4.2.2 Study design 
Measurements were conducted during morning and evening peak hours of March to 
April 2014. Travel was made in the clockwise direction during morning peak hours and in anti-
clockwise direction during the evening hours with the intention of following the most 
agglomerated lanes. A diesel-fuelled car (Ford Fiesta; 2002 registration; 1400 cc) was used for 
the monitoring. Including driver, there were three non-smoking occupants in the car during the 
experiments. The experimental car was equipped with the filter-fitted ventilation and heating 
systems. It has front disc brake and rear drum braking system. The tyres of the experimental 
car were made of carbon-based materials (~74%), metal (16.5%), textiles (5.5%) and additives 
(4%). Out of the total 74 runs, 43 runs were made during morning hours and the rest during the 
evening hours. The corresponding runtime during the morning and evening hours run were 
16±4 and 17±4 min, respectively. In order to assess the effect of ventilation settings on PNDs, 
the following five different ventilation settings were used. 
 Setting 1 (Set1):  Windows were fully open and surface area of all four windows was ~1.1 
m2. The surface area of each of the four windows was 0.275 m2, giving a total area of all 
windows as 1.10 m2. A ratio of surface area of windows to outside car (excluding its base 
area) was ~0.08 while the ratio of surface area of windows to those of doors was ~0.34. 
The sequential data collected inside and outside the cabin suggest only ~2% difference 
between average inside and outside PNCs when the windows were fully open (Figure 4.2). 
Therefore the inside PNCs are considered to be equivalent to on-road (outside) PNCs when 
all windows were fully open. 
 Setting 2 (Set2): Windows were closed, ventilation fan was 25% on (air exchange rate, AER 
= 125 m3 h–1), and heating was 50% on (in-cabin temperature = 18 °C). 
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 Setting 3 (Set3): Windows were closed, the fan was 100% on (AER = 257 m3 h–1), and 
heating was off (in-cabin temperature = 14 °C). 
 Setting 4 (Set4): Windows were closed, the fan was off (AER = 16 m3 h–1) and heating was 
100% on (in-cabin temperature = 19 °C). 
 Setting 5 (Set5): Windows were closed, both fan and heating were off (AER = 17 m3 h–1 
and in-cabin temperature = 15 °C). 
Cambustion DMS50 was deployed to measure PNDs in the 5-560 nm size range at a 
sampling rate of 10 Hz (Section 3.2.1). A short length (0.50 m) of 5 mm internal diameter, 
electrically and thermally conductive sampling tube, was used to minimise particle losses 
during sampling (Kumar et al., 2008a). A particle residence time was ~0.6 s at the instrument’s 
sampling flow rate of 6.5 l min–1. The sample flow rate was maintained by an electrical pump 
and a classifier restrictor located within the body of the instrument.  
A DC powered automated solenoid switching system was used in conjunction with 
the DMS50 for making the pseudo-simultaneous measurements at two locations inside and 
outside the car cabin (Figure. 4.1b). The switching system was controlled by its software, 
allowing 15 s of measurements at each location by redirecting the sampling flow between the 
sampling points. This gave a total of 300 samples during each minute at both sampling points. 
The first 1 s of data from each measurement was discarded in order to allow for sample 
clearance and the final 14 s of data was retrieved for analysis.  
Position and speed of the vehicle were continuously recorded on a second basis (i.e. 1 
Hz) using a Global Positioning System (GPS; Garmin Oregon 350). CO2 inside the vehicle was 
measured at a rate of 2 Hz by COZIR CO2 sensor, which can measure in the 0-10000 ppm 
range, to estimate AER under different ventilation settings (Section 3.3.1). Panasonic HC-V500 
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camera located on the dashboard of the car was used to collect the traffic flow data at the time 
of measurements. Air temperature, relative humidity, NO, NO2, SO2, CO and O3 were 
measured on 15 min basis by AQMesh inside the car cabin. Only the data of temperature and 
relative humidity are used for further analysis. Timestamps of all the instruments were matched 
in the beginning of the experiment. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Run-wise PNDs inside and outside the cabin when windows were fully open during 
(a) Run 1, (b) Run 2, (c) Run 3 and (d) Run 4. 
 
AER of the experimental vehicle under different ventilation settings were estimated 
using the methodology described in Section 3.3.1 that uses decay rates of measured 
concentrations of CO2 as a tracer gas. In Set1, PNDs were measured only inside the car cabin 
while pseudo-simultaneous measurements were conducted inside and outside the car cabin in 
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Set2, Set3, Set4 and Set5. Each of five ventilation settings was tested at least for 4 hours, except 
Set1, for which 8 hours of measurements were taken.  
During the measurement campaign, the wind speed ranged between 0.3 and 7.5 m s–
1, with an average of ~1.4 m s–1; the wind was blowing from the south-west direction for most 
of the time. Ambient temperature and relative humidity outside the cabin varied in the 1-14 °C 
and 54-83% range, respectively (Appendix C, Table C1). The average temperature inside the 
cabin during Set1, Set2, Set3, Set4 and Set5 was 15, 18, 14, 19 and 15 °C, respectively, while the 
corresponding average relative humidity was 48, 50, 49, 57 and 59%, respectively (Appendix 
C, Table C1). As expected, irrespective of ventilation settings, the air temperature inside the 
cabin was higher than those outside the cabin while the relative humidity inside the cabin was 
lower than those outside the cabin, exhibiting an inverse behaviour, i.e. decrease in relative 
humidity with an increase in ambient temperature (Al-Dabbous and Kumar, 2014). From the 
acquired experimental data, time lost during delay event at a TI was estimated by using the 
methodology explained in Section 3.3.2. Estimated time lost during delay event at 10 different 
TIs is showed in Table 4.1. 
4.3 Results and discussions 
The size of particles is an important parameter to determine their behaviour in the 
respiratory system and their atmospheric lifetime is a key consideration in assessing the 
associated health effects. Therefore, measured PNCs have been divided into three size ranges 
for some of the discussions: 5-30 nm (nucleation mode; and PNC in this range is represented 
by N5-30); 30-300 nm (accumulation mode, N30-300) and 300-562 nm (coarse mode; N300-562).  
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4.3.1 Particle number size distributions and concentrations during overall journeys 
4.3.1.1 On-road and in-cabin PNDs  
Figure 4.3a shows average PNDs during the morning and evening runs during Set1. 
These show a similar trimodal pattern with peaks at ~5, 10 and ~75 nm. These type of PNDs 
are observed in the case of slow moving traffic, leading to somewhat decreased separation 
between experimental car and the vehicle ahead, compared with free-flow conditions, resulting 
in higher PNCs in the 5-30 nm range (Section 4.3.3). During all other settings (Set2, Set3, Set4 
and Set5), the shape of average PND curves inside the cabin are similar to those measured 
outside the cabin, without appreciable changes in peak diameters. Irrespective of ventilation 
settings, the magnitude of in-cabin PNDs was small compared with the corresponding outside 
PNDs (Figure 4.3b). It shows that the in-cabin space serves as a damping chamber for outside 
particles (Zhu et al., 2007). Most of the differences between inside and outside the average 
PNDs were observed in ultrafine particle range (diameter <100 nm), as seen in Figure 4.3b. 
The maximum reduction in the magnitude of inside PNDs with respect to those found outside 
was noted in Set4, followed by Set5. It is a result of limited intake of outside air and hence 
limited penetration of particles inside the cabin during these settings (see Table 4.2). 
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Table 4.2. Summary of results from mobile measurements in five different ventilation settings. 
N and I/O refer to PNC, and in-cabin to on-road ratios in a particular size range reflected by the 
size range noted in the subscript; overbar represents the average of a particular parameter. σ, 
GMD and AER stand for standard deviation, geometrical mean diameter, and air exchange 
rate, respectively. 
Parameters Set1 Set2 Set3 Set4 Set5 
In-cabin ܰ5-560 ± σ5-560  (×104 
cm–3) 
- 
2.7±1.3 4.8±2.3 1.3±0.63 1.1±0.63 
In-cabin ܰ5-30  (%) 
- 
52 58 46 45 
In-cabin GMD ± σ (nm) 
- 
31.4±10.1 27.0±4.6 30.8±4.5 30.2±5.5 
On-road ܰ5-560 ± σ5-560   
(× 104cm–3) 
8.1±3.6 5.7±2.4 8.0±3.6 4.6±2.4 4.4±1.9 
On-road ܰ5-30 (%) 58 63 68 58 61 
On-road GMD ± σ (nm) 39.9±8.6 23.4±4.1 22.4±3.4 25.2±4.9 24.4±4.8 
(ܫ ܱ)⁄ 5-560   - 0.47 0.60 0.28 0.25 
(ܫ ܱ)⁄ 5-30   - 
0.41 0.51 0.24 0.20 (ܫ ܱ)⁄ 30-100   - 
0.60 0.75 0.31 0.32 (ܫ ܱ)⁄ 100-300   - 
0.78 0.87 0.56 0.48 
AER (m3 h–1) 
- 
128 277 16 17 
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Figure 4.3. (a) In-cabin PNDs for Set1, Set2, Set3, Set4 and Set5, respectively.  (b) Outside PNDs 
for Set2, Set3, Set4 and Set5, respectively. (c) Outside (O) and in-cabin (I) PNCs in three different 
size ranges (5-30, 30-300 and 300-560 nm) during Set1, Set2, Set3, Set4 and Set5. Please note 
that run numbers 1-12, 1-5, 1-6, 1-9 and 1-14 were taken during morning hours for the Set1, 
Set2, Set3, Set4 and Set5, respectively, and the rest of the runs represent evening hours. For the 
sake of clarity, only positive standard deviations are shown. (d) size-resolved inside to outside 
PNCs ratio in four different ventilation settings.   
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4.3.1.2 On-road PNCs  
Figure 4.3c shows the run-wise total PNCs in selected size ranges for all the five 
different ventilation settings. In Set1, average PNCs (7.6±3.8 ×104 cm–3) for all morning runs 
were similar to those obtained during the evening runs (8.8±3.5 ×104 # cm–3), except for the 
run 20 when the experimental car was following a 42-year-old diesel car. Due to this event, 
average PNCs in the 5-30 nm range during run 20 increased by about a factor of 4 relative to 
average PNCs in the same size range for all other runs (4.7×104 # cm–3). The contribution of 
average PNCs in the 5-30 nm range during morning and evening runs was 61% and 55%, 
respectively, and as expected, the fraction of PNCs in the 300-562 nm range was negligible 
(Joodatnia et al., 2013a, b). Overall average PNCs (8.1±3.6 ×104 # cm–3) during Set1 were 
comparable with the previous studies, i.e. 7.0±2.9  ×104 # cm–3 in Pirjola et al. (2006), 9.5±2.9 
×104 cm–3 in Johnson et al. (2009) and 9.3±3.4 ×104 cm–3 in Kim et al. (2014a). In few cases, 
our PNCs were higher. For example, we found 1.6- and 4.5-times higher PNCs in our case than 
those reported in Somerville USA (Padró-Martínez et al., 2012) and Germany (Hagemann et 
al., 2014), respectively (see Table 4.3). Part of these differences could be explained by the 
collection of the data at a lower sampling rate, i.e. 1s and 3s in USA and Germany, respectively, 
compared with 0.1 s in our study. The low sampling rate is most likely to miss the peak PNC 
events that occur within a fraction of seconds (Kumar et al., 2010; Joodatnia et al., 2013a), 
resulting in underestimation of PNCs. As also discussed in Kumar et al. (2014a), dissimilarities 
in the characteristics of the driving route such as traffic intensity, congestion, differences in the 
proximity of other vehicles (i.e. sources) to the experimental car and effects of meteorological 
conditions could have also contributed to the observed differences.  
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Table 4.3. Comparison of PNCs reported by various studies under Set1. 
City 
(Country) 
Month  
(year) 
Instrum
ent 
Size 
range 
(nm) 
Average 
PNC (# 
cm–3) 
×104 
HDV 
(%) 
Sulphur 
content 
in 
diesel 
(ppm) 
Source 
Helsinki 
(Finland) 
August 
(2003) 
ELPI 
and 
SMPS 
5-1000 7.0±2.9 10% 350 Pirjola et al. 
(2006) 
Karlshrue 
(Germany) 
(2009) CPC 4-3000 1.8 - 10 Hagemann 
et al. (2014) 
Los 
Angeles 
(USA) 
April 
(2003) 
CPC 10-1000 5.5-
20.0a 
1.4, 3.6 
and 
14%b 
500 Westerdahl 
et al. (2005) 
Minnesota 
(USA) 
Summer 
(2006 and 
2007) 
EEPS 6-500 9.5±2.9 10% 15 Johnson et 
al. (2009) 
Seoul 
(Korea) 
December 
( 2011) 
FMPS 5.6-560 9.3±3.4 31.7±2.1 10 Kim et al. 
(2014a) 
Somerville 
(USA) 
Septembe
r (2009)-
June 
(2010) 
CPC 4-3000 5.0 - 15 Padró-
Martínez et 
al. (2012) 
Guildford 
(UK) 
March-
April 
(2014) 
DMS 
50 
5-560  8.1±3.6 2-4% 10 This study 
Note: arange of PNCs on freeway; baverage truck count; EEPS: Engine Exhaust 
Particle Sizer; ELPI: Electric Low Pressure Impactor; SMPS: Scanning Mobility Particle Sizer; 
CPC: Condensation Particle counter; FMPS: TSI Fast Mobility Particle Sizer; DMS: 
Differential Mobility Spectrometer 
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4.3.1.3 In-cabin PNCs and their effect on inside to outside ratios 
Average PNCs inside the cabin were found to be the lowest in Set5, followed by Set4, 
Set2 and Set3 (see Figure 4.3c and Table 4.2). It is the result of the limited air intake, which is 
evident from ~88% and 95% smaller AER values in both settings (Set5 and Set4) compared 
with Set2 and Set3, respectively. Irrespective of ventilation settings, average PNCs in the 30-
300 nm range were almost similar both inside and outside the cabin (Figure 4.3c). This is 
expected due to a much larger sink of nucleation mode (5-30 nm) particles due to their 
relatively higher diffusivity compared with particles in the 30-300 nm range (Kumar et al., 
2008b; Lee et al., 2014). Whilst average PNCs in the 5-30 nm range inside the cabin were 
found to be dependent on individual settings, these increased with the outdoor air intake due to 
change in fan settings. Therefore, the ratio of inside to outside average PNCs (I/O) was mainly 
influenced by the changes in PNCs in the 5-30 nm size range. This is mainly because this size 
range contributes to a major fraction of total outside (~60%) and inside (~50%) PNCs during 
different ventilation settings (Table 4.2). Consequently, the I/O was highest for Set3 (AER = 
257 m3 h–1), followed by Set2 (AER = 128 m3 h–1), Set4 (AER = 16 m3 h–1) and Set5 (AER = 14 
m3 h–1); see Table 4.2. The effect of relative humidity on nanoparticles behaviour inside the 
cabin is not investigated as a part of this campaign. This is mainly due to small variability in 
relative humidity (±5%) observed during our measurement campaign, which does not allow a 
thorough investigation of the effect of relative humidity on in-cabin PNCs.   
The values of I/O presented in Table 4.2 are not directly comparable with the 
published studies because of measurements being made under varying ventilation settings on 
a different type of vehicles (in terms of age, mileage, and filter efficiency). However, we have 
made an attempt to put our results in the perspective of available published studies so that any 
factors contributing to these differences can be highlighted. For instance, the I/O reported in 
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our study for Set5 is substantially smaller than those reported in Zhu et al. (2007), Hudda et al. 
(2011) and Knibbs et al. (2010) for the identical ventilation setting (see Table 4.4). These 
studies were conducted in free–flow traffic conditions such as on a freeway (vehicle speed 82 
km h–1; Zhu et al., 2007), on the roads with little vehicular traffic (52 km h–1; Hudda et al., 
2011), or in tunnel environments (80 km h–1; Knibbs et al., 2010) compared with our study on 
an urban route in a congested traffic environment (27 km h–1). Outside PNCs during free-flow 
traffic conditions were generally found to be ~29–times lower as compared to congested 
driving conditions in our case (Section 4.3.3). Therefore, even if inside PNCs are identical in 
free-flow and congested traffic conditions, the I/O will still be higher for the free-flow 
conditions as compared to congested driving conditions.  
Figure 4.3d shows the effect of ventilation settings on size-dependent I/O. 
Interestingly, these I/O in Set2, Set3, Set4 and Set5 fit well with a power-law function, showing 
R2 as 0.94, 0.94, 0.66 and 0.69, respectively. Moreover, the slope of curve is almost similar in 
Set4 (slope = 0.48) and Set5 (slope = 0.40) that is about twice the slope obtained in Set2 (slope 
= 0.29) and Set3 (slope = 0.21), as seen in Figure 4.3. It clearly shows the impact of the fan 
settings on the I/O.  For instance, when the fan setting was at 25% and 100% on during Set2 
and Set3, respectively, I/O increased the in-cabin PNCs in the 5-30 nm range by ~13% and 26% 
in Set2 and Set3 as compared to both Set4 and Set5, respectively (Table 4.2).  
 
 
 
 
71 
 
Table 4.4. Comparison of I/O ratio reported in other published studies in different ventilation 
settings. 
Study Automobile Model year Road environment 
Ventilation 
condition a I/O 
Zhu et al. 
(2007) 
Volkswagen 
Jetta 2000 
Freeway 
A 0.8 
B 0.7 
C 0.6 
Audi 2004 
A 0.35 
B 0.5 
C 0.18 
PT Cruiser 2005 
A 0.18 
B 0.3 
C 0.05 
Knibbs et 
al. (2010) 
Mazda 121 1989 
 Tunnel 
A 0.95 
B 1.04 
C 0.47 
D 0.39 
Mitsubishi 
Magna 1998 
A 0.89 
B 1.01 
C 0.29 
Toyota Hilux 2005 
A 0.91 
B 1.04 
C 0.25 
Volkswagen 
Golf 2005 
A 0.66 
B 0.84 
C 0.08 
D 0.17 
Subaru Outback 2007 
A 0.88 
B 0.91 
C 0.45 
D 0.68 
Hudda et al. 
(2011) 
Ford Contour 1999 
Arterial road 
with less traffic 
A 0.53 
D 0.06 
Honda civic 2009 A 0.67 D 0.03 
Toyota Prius 2010 A 0.52 D 0.02 
Joodatnia et 
al. (2013a)  
Volkswagen 
Golf 1998 
Congested 
arterial road B 0.72 
This study Ford Fiesta 2002 Congested arterial road 
A 0.25 
E 0.6 
F 0.47 
G 0.28 
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4.3.2 Spatial variations in on-road PNCs  
In order to assess the spatial variations, average PNCs inside and outside the cabin 
were normalised and the resulting variations are presented in Figure 4.4. These normalised 
values were obtained by dividing the PNCs at each point of time by the peak PNC value for 
every individual run. Since the total run time was nearly identical for each individual setting, 
normalised values obtained for each individual run were averaged to present an overall picture 
of inside and outside the PNCs for different settings (Figure 4.4). In each setting, PNC series 
could clearly be divided into three zones, as described in Section 4.2.1. First 400 s of the run 
was the travel time taken by the vehicle to traverse the portion of the route in zone 1, which is 
the most congested and highly built-up part of the route. This resulted in 1.3- and 1.1-times 
higher on-road PNCs compared with those in zones 2 and 3, respectively. Relatively lower 
concentrations in zones 2 (8.0×104 # cm–3) and 3 (9.4×104 # cm–3) where our experimental 
vehicle travelled during the next 400 to 900 s and remaining ~300 s, respectively, were mainly 
due to a less congested route in zone 2 and relatively larger green cover around the road and 
least vehicle congestion compared with the rest of the route in zone 3.  
PNDs showed trimodal shapes with peaks at ~5, 10 and 65 nm in each of the three 
zones, but their magnitude varied depending on traffic intensity in each zone (see Figure 4.5). 
Furthermore, the spatial variation of on-road 1 s average PNCs during a typical morning run 
clearly indicates that peak PNCs mostly occur in the vicinity of TIs (Figure 4.6). Based on the 
visual interpretation of video footage, it was found that acceleration after idling at TIs was a 
dominant factor that correlated well with the peak PNCs on the study route. Further discussions 
on the effect of driving conditions on PNDs are discussed in Sections 4.3.3 and 4.3.4. 
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Figure 4.4. Temporal evolution of PNCs under five different ventilation settings; shaded area 
represents the variability in PNCs. 
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Figure 4.5. PNDs in three different Zones in five ventilation settings. 
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Figure 4.6. (a) Spatial variations of PNCs during a typical morning run of Set1. (b) Average 
PNDs during the delay and free-flow events at TIs.  For the sake of clarity, only positive 
standard deviations of delay events are shown in this figure. (c) Box plot of short-term (~0.1 s) 
average PNCs during the delay and 4-s average PNCs during free-flow conditions at all TIs on 
the studied route. The pie chart represents the overall proportion of PNCs in two size ranges 
(5-30 and 30-300 nm). The upper and lower whiskers represent 5th and 95th percentile. The 
upper boundary of the box is the 75th percentile; line inside the box is the median and the lower 
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boundary of the box is 25th percentile; square signs represent the mean value. (d) PNDs for 
selected events for three different traffic conditions at TIs: (i) Idling, (ii) acceleration with no 
other diesel vehicle around, (iii) acceleration in vicinity of diesel vehicle, (e) comparison of 
PNCs and velocity during idling and acceleration at TI when experimental car was in proximity 
to diesel vehicle, and (f) comparison of PNCs and velocity during idling and acceleration at TI 
when traffic volume was low. 
4.3.3 Effect of driving conditions on -road and in-cabin PNCs at the TIs 
A vehicle can travel through the TI in uninterrupted (i.e. free-flow) or interrupted (i.e. 
delay) traffic flow conditions. PNDs showed similar shapes of trimodal distributions with peaks 
at about 5, 10 and 80 nm during both the free-flow and delay conditions (Figure 4.6b). 
However, the magnitude of average PNDs at 5, 10 and 80 nm was 14, 12 and 3-times higher 
during delay conditions compared with free-flow conditions. This was a result of sudden 
acceleration in the speed of vehicles, quickly emitting a lot of particles (Jayaratne et al., 2010). 
Larger differences between the peaks in average PNDs during free-flow and delay conditions 
at ~5 and 10 nm as compared to 80 nm show that nucleation is a dominant process under peak 
PNC conditions at the TIs. 
Furthermore, peak PNCs at TIs during delay events were up to 29-times higher than 
average PNCs under free-flow conditions (Figure 4.6c). Some of this difference is brought by 
the PNCs in the 5-30 nm range. Their contribution in peak PNCs was ~11% higher during delay 
conditions compared with free-flow conditions. Further differences could be due to a number 
of varying driving conditions, as evident from the distinct PNDs observed at TIs when the 
experimental vehicle was (i) accelerating with no other diesel vehicles around, (ii) idling during 
congestion, and (iii) accelerating in the proximity of diesel vehicle (Figure 4.6d). For instance, 
PNDs during (i) and (iii) were bimodal in shape, with a much higher peak in the 5-10 nm range 
during (iii) than during (i). On the other hand, PNDs during (ii) were dominated by particles in 
the 20-40 nm range (Figure 4.6d). The dominance of these particles could be due to the 
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following reasons. Firstly, engine emissions from the idling vehicles are generally dominated 
by 20-100 nm size particles (Wang et al., 2006) and therefore these appear to be the fresh 
exhaust emissions from the vehicles. Secondly, small contribution may come from growth of 
smaller size particles (5-10 nm) due to coagulation as time scale of coagulation during idling 
is ~100 s (based on Figure 3 in Kumar et al. (2011b) for our PNC values of 4.25×105 # cm-3) 
and maximum delay time at TI was ~69±26 s (see Table 4.1).  
Average on-road PNCs during the acceleration (0.8×105 # cm–3) were nearly twice to 
those measured during the idling (0.4×105 # cm–3), with a maximum difference being up to ~6-
fold ( Figure 4.6f). Furthermore, the proximity of the experimental car to the diesel-fuelled 
vehicle was found to further increase the average PNCs over 20-times compared with average 
PNCs during acceleration when away from a diesel vehicle (Figure 4.6e-f). Thus, on-road peak 
PNCs depends predominantly on the number and type of surrounding vehicles, the frequency 
of traffic lights, acceleration and congestion. On the other hand, ventilation settings showed a 
major influence on the in-cabin PNCs, as discussed in the subsequent text. 
To assess the effect of ventilation settings on in-cabin PNCs at TIs, events 
corresponding to free-flow, acceleration and idling in each of four ventilation settings (Set2, 
Set3, Set4 and Set5) are extracted. Size-resolved I/O corresponding to each of the four events 
are shown in Figure 4.7. Set2 was observed to be the worst setting since it had the highest I/O 
(0.90) in the 5-300 nm range during free-flow traffic conditions as opposed to Set3 (I/O = 0.63) 
that turns out to be the worst setting during acceleration during delay conditions. Set5 emerged 
as the best setting during free-flow traffic conditions, with the lowest I/O (0.30) in the 5-300 
nm range (Figure 4.7 a-b). Set2 was found to be the best setting (I/O = 0.12) during acceleration 
in delay conditions. As far as the idling conditions are concerned, Set2 (I/O = 0.75) and Set4 
(I/O = 0.06) were found to be the worst and the best settings, respectively (Figure 4.7c). Based 
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on the above discussion, it was found that effect of ventilation setting is not similar in all the 
traffic driving conditions. Therefore, consideration of driving conditions is important for an 
accurate estimation of in-cabin PNC exposure that can be approximated using the above-
derived I/O and the on-road PNC data. 
 
Figure 4.7. Size-dependent I/O in four different size ranges i.e. 5-30, 30-100, 100-300 and 5-
300 nm during (a) free-flow, (b) acceleration and (c) idling conditions at TIs. 
4.3.4 Effect of geometrical features of TIs on PNCs 
Geometrical features such as shape and built-up area around a TI is another important 
factor that affects the dispersion of particle number emissions and hence their distributions and 
concentrations. As summarised in Goel and Kumar (2014), some numerical modelling and 
wind tunnel studies have analysed the effect of geometrical features on the dispersion of 
pollutants at TIs. For example, the effect of built environment on wind flows at TI was studied 
by Brixey et al. (2009). They found that placing a small tower at the corner of the street canyon 
around a TI enhanced the wind speed in (and ventilation from) the street canyon. Both the 
shape of TIs and the built-up area around them in individual zones were nearly identical 
(Section 4.2.1). Therefore one TI from each of the three zones (TI2, TI4 and TI8 in zones 1, 2 
and 3 respectively), having the highest median of short-term (~0.1 s) average PNCs during 
delay conditions at that TI, is selected as an example case for further discussion (Figure 4.8).  
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Figure 4.8. Box plot of short-term (~0.1 s) average PNCs during delay events at 10 TIs. 
 
Figure 4.8 shows the comparison of short-term (~0.1 s) average PNCs during delay 
conditions at 10 different TIs in all the three zones (see Table 4.1 for statistics). The 95th 
percentile of average PNCs was highest at TI2 in zone 3, followed by TI4 in zone 2 and TI10 in 
zone 1, respectively. Although the video footage suggested the highest traffic volume at TI4, 
highest average PNCs were yet seen at TI2. This was predominantly the result of following a 
42-years old diesel car by our experimental vehicle at TI2. Median of average PNCs was noted 
to be the highest at TI8, TI4 and TI2 among the TIs in zone 1, 2 and 3, respectively. These 
highest values were presumably due to frequent start and stop driving conditions that were also 
highlighted by higher standard deviation of driving velocity at these TIs, as seen in Table 4.1, 
compared with the other TIs in the respective zones. 
The relationship between PNCs and acceleration of the vehicle is greatly influenced 
by geometrical features of TIs. For instance, at four-way perpendicular TIs (e.g. TI2 and TI4), 
PNCs increased with an increase in acceleration (Figure 4.9b-c). While at a densely packed 
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three-way TI (e.g. TI8), PNCs decreased with an increase in acceleration (Figure 4.9e). This 
can be explained by counteracting the effect of built-up area, which limits the dispersion and 
the traffic produced turbulence (TPT) that enhances the mixing of exhaust emissions. 
Irrespective of any shape of a TI, the TPT will always have an effect on mixing of emissions 
within the first few meters of the height above the road (Al-Dabbous and Kumar, 2014; Kumar 
et al., 2008b), depending on the driving speed of a vehicle (Di Sabatino et al., 2003). At a three-
way TI, the average driving speed of the experimental car during acceleration was measured to 
be about twice the average driving speed at the four-way TI, explaining a decrease in PNCs 
with increasing acceleration at the three-way TI. Of course, the exchange between the polluted 
air at the road level and the clean air above in urban canopy layer are expected to be limited 
due to the surrounding built-up area at the three-way TI, leading to a possible build-up of PNCs. 
This effect of exchange seems to have been overshadowed by the much higher mixing effect 
of TPT at the three-way TI compared with four-way TI, giving a declining trend in PNCs during 
acceleration. For an in-depth understanding, there is clearly a need for detailed modelling 
(physical or numerical) studies to apportion the impact of built-up area and TPT on pollutant 
dispersion around such TIs.  As for acceleration, measured data did not show any clear trend 
to derive a relationship between the delay time and the PNCs but some interesting observations 
were noted.  
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Figure 4.9. The relationship between the acceleration of the vehicle and the natural logarithm 
of PNCs during delay period at (a) TI1, (b) TI2, (c) TI4, (d) TI7, (e) TI8, and (f) TI10.  Rectangular 
box on each of the plots represents the geometry of TI. 
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4.3.5 Relationship between PNCs and driving speed at TIs 
Regression analysis between PNCs and acceleration of the vehicle (i.e. the driving 
speed at time i subtracted by the speed at time i-1) was performed for all the 10 TIs. However, 
a presentable relationship was only found for 6 TIs (i.e. TI1, TI2, TI4, TI7, TI8 and TI10), as seen 
in Figure 4.9a-f.  
To convert the specific relationship between PNCs and acceleration of vehicle during 
delay conditions at TIs into a more generalised form that can be applied elsewhere, TI10 is taken 
as an example. The relationship at TI10 is shown by Eq. (4.1): 
ݕ = 0.0015ݔଷ + 0.003ݔଶ − 0.1614ݔ + 12.108                               (4.1) 
where ‘y’ is ln (PNC) and ‘x’ is dv/dt i.e. (driving speed at time i subtracted by the 
speed at time i-1). 
By closer inspection of the data, it is found that the constant i.e. 12.108 in the Eq. (4.1) is natural 
log of average PNCs (i.e. ln (PNCs)avg) during the delay period. Coefficients of ‘x’ can be 
expressed as ‘a’, ‘b’ and ‘c’. Therefore the Eq. (4.1) can be rewritten as:  
݈݊ (ܲܰܥݏ) = ܽ ቀௗ௩
ௗ௧
ቁ
ଷ + ܾ ቀௗ௩
ௗ௧
ቁ
ଶ + ܿ ቀௗ௩
ௗ௧
ቁ + ݈݊(ܲܰܥ)௔௩௚                         (4.2) 
where, ‘a’, ‘b’ and ‘c’ is equal to 0.0015, 0.003 and -0.1614 respectively. By taking PNCs 
terms on the right-hand side, the Eq. (4.2) becomes: 
݈݊(ܲܰܥݏ)− ݈݊(ܲܰܥ)௔௩௚ = ܽ ൬݀ݒ݀ݐ൰ଷ + ܾ ൬݀ݒ݀ݐ൰ଶ + ܿ ൬݀ݒ݀ݐ൰ 
݈݊ ቆ
ܲܰܥݏ(ܲܰܥ)௔௩௚ቇ = ܽ ൬݀ݒ݀ݐ൰ଷ + ܾ ൬݀ݒ݀ݐ൰ଶ + ܿ ൬݀ݒ݀ݐ൰ 
 
௉ே஼௦(௉ே஼௦)ೌೡ೒ = ݁ݔ݌൤௔ቀ೏ೡ೏೟ቁయା௕ቀ೏ೡ೏೟ቁమା௖ቀ೏ೡ೏೟ቁ൨   
 
ܲܰܥݏ = (ܲܰܥݏ)௔௩௚ × ݁ݔ݌൤௔ቀ೏ೡ೏೟ቁయା௕ቀ೏ೡ೏೟ቁమା௖ቀ೏ೡ೏೟ቁ൨                                   (4.3) 
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Eq. (4.3) is a more generalised form of Eq. (4.1) that can be applied to any TI. 
However, the values of ‘a’, ‘b’ and ‘c’ vary depending upon the geometrical features of a TI. 
Table 4.5 presents a range of their values, which were derived from our experimental data 
presented in Figure 4.9a-f for different types of TIs.  
Table 4.5. The range of ‘a’, ‘b’ and ‘c’ for different types of TIs during morning and evening 
peak hours, respectively. 
Type of TI Morning/ 
evening 
a (×10–3) b (×10–3) c (×10–3) 
Four-way 
perpendicular TI 
with 2-3 buildings 
around the TI 
(TI1, TI2 and TI4). 
Morning –0.9 to –4.9 –27.5 to 3.3 155.4 to 195.1 
Evening –2.7 to –16.1 –2.3 to 45.5 187.4 to 310.3 
Four-way 
perpendicular TI 
with the densely 
built-up area 
(TI10). 
Morning 1.5 0.3 –0.1614 
Three-way TI in a 
densely built-up 
area (TI8). 
Morning 1.2  0.9 –65.2  
Evening 0.7  4.5  130.6  
Three-way TI 
with 2-3 building 
in surroundings 
(TI7). 
Morning –4.3 12.1 225.3 
Evening –2.1 –12.4 157.8 
 
The relationship between coefficients ‘a’, ‘b’, ‘c’ and physical parameters (i.e. delay 
time, wind speed, road width and building height) is shown in Figure 4.10. In case of four-way 
TIs, a strong linear correlation (R2 = 0.83; p-value <0.05) is found between ‘a’ and delay time 
(Figure 4.10a) while ‘a’ depends linearly on wind speed (R2 = 0.81; p-value <0.05; Figure 
4.10b) in case of three-way TIs. Coefficient ‘b’ showed a linear dependency with a delay time 
(R2 = 0.72; p-value <0.05) at four-way TIs (Figure 4.10c) while no such dependency was 
observed at three-way TIs. A strong linear correlation (R2 = 0.80 and p-value <0.05) is found 
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between ‘c’ and ratio of delay time and building height at four-way TIs while even a stronger 
correlation (R2 = 0.91 and p-value <0.05) was found between ‘c’ and wind speed at three-way 
TIs (Figure 4.10d-e). These values are TI specific and should be generalised cautiously. 
However, relationships obtained here could be used to estimate the preliminary values of these 
coefficients at the TIs elsewhere 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. (a) Relationship between coefficient ‘a’ and delay time at four-way TIs, (b) 
relationship between coefficient ‘b’ and delay time at four-way TIs, (c) relationship between 
coefficient ‘c’ and ratio of delay time and building height at four-way TIs, (d) relationship 
between coefficient ‘a’ and wind speed at three-way TIs, and (e) relationship between 
coefficient ‘c’ and wind speed at three-way TIs. 
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Since the PNCs are directly proportional to PNEFs, the Eq. (4.3) can be used to modify 
the average roadside PNEFs to take into account of frequent driving changes at the TIs. Apart 
from driving conditions and geometrical features, transformation processes also play an 
important role in changing PNCs between the source and receptors at TIs, as discussed in 
Section 4.3.6.     
4.3.6 Fine-scale analysis of peak PNC events at TIs  
On the assessment of temporal variability in in–cabin peak PNCs corresponding to 
outside peak PNCs, it is found that in-cabin peak PNCs follows similar temporal variations as 
of on-road peak PNCs in Set2 and Set3 with a lag period of 30-60 s for outside and inside peak 
PNCs. This lag period in Set4 and Set5 increased up to ~90 s due to the lesser ingress of outdoor 
air during these settings (Set3 and Set4). 
To assess the effect of transformation processes, we have selected inside and outside 
PNDs averaged over 1 s during the peak PNC events for detailed discussion. These PNDs are 
normalised by dividing with their corresponding total PNC (Figure 4.11). This normalisation 
was carried out to highlight the effect of relative transformation processes by removing the 
effect of dilution (Carpentieri and Kumar, 2011).  
These PNDs showed a number of distinct shapes during different time steps, 
depending on traffic driving conditions and ventilation settings which were important for inside 
PNDs. For instance, bimodal PNDs, with peaks at about 10 and 100 nm, were observed during 
free-flow traffic driving conditions (Figure 4.12). These changed to unimodal PNDs, with a 
peak at about 10 nm, during the acceleration of the experimental car and the vehicles ahead 
(Figure 4.12). Three main conclusions can be drawn from these normalised PNDs. Firstly, 
some of the events showing perfectly superimposed PNDs at different time steps indicate 
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dilution as a key process. For instance, inside and outside PNDs during Set2, and inside PNDs 
during Set5, demonstrated this PND behaviour at different time steps (Figure 4.11a and d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11. Temporal changes in normalised PNDs averaged over 1s during peak PNC events 
of selected runs (a) 10, (b) 12, (c) 6, and (d) 13 of Set2, Set3, Set4 and Set5, respectively. Each 
line represents 1s averaged PNDs during peak PNC events. Here inside PNDs during Set2 and 
Set5 showed perfectly superimposed PNDs at different time steps representing dilution as a key 
process. 
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Figure 4.12. Separated distinct 1s average PNDs and GMD during Set3, Set4 and Set5. PNDs in 
each of ventilation settings are marked by the same colour rectangle and number in the bracket 
in the title of each figure represents the total number of distinct PNDs in respective ventilation 
setting. Traffic driving condition corresponding to each of distinct PND is also noted in each 
figure. 
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Secondly, shapes of PNDs inside the cabin were nearly unchanged compared with 
those measured outside (Figures 4.11 and 4.12). These unchanged shapes can be explained by 
restricted penetration of outside air inside the cabin due to the effect of ventilation settings. 
Thirdly, a number of diverse shapes of outside PNDs and their corresponding geometric mean 
diameters (GMDs) were found to be a function of distance from the source and this distance 
varied frequently during stop- and go-situation at TIs (Figure 4.12). For instance, in Set4, the 
GMD increased from 16 nm to 26 nm when the distance between experimental and preceding 
vehicle at TI increased from about 2 to 5 m.  
4.4 Summary of chapter and key conclusions 
A DMS50 in conjunction with a solenoid switching system was used to measure 
number and size distribution of particles in the 5-560 nm range. These measurements were 
carried out pseudo-simultaneously inside and outside the car cabin under five different 
ventilation settings during commuting on a typical urban route. The study aims to identify the 
conditions under which TIs becomes hot-spots and to analyse the effect of different ventilation 
settings, driving conditions and layout of TIs on particle number and size distributions.  
The key conclusions from the study are as follows: 
 Measurements were taken inside and outside the cabin in five different ventilation settings. 
Irrespective of ventilation settings, trimodal PNDs were observed both inside and outside 
the cabin showing peaks at about 5, 10 and 75 nm. The magnitude of inside PNDs was 
always lower than that of outside the cabin. During delay and free-flow conditions at TIs, 
PNDs were similar to those measured for the overall route. Peak in nucleation mode during 
delay condition was found to be ~14-times higher than that observed during the free-flow 
conditions. 
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 In-cabin average PNCs were found to be largely dependent on the AER. For example, 
maximum reduction (~75%) in in-cabin PNCs with respect to outside PNCs was observed 
when AER was nearly the lowest (e.g. ~17 m3 h–1 during Set5). Variations in heating inside 
the car did not show any significant impact on in-cabin PNCs. A strong correlation (R2 = 
0.96) in a power form is found between the I/O and AER for the studied runs. Driving 
conditions were found to have an effect on ingress of particles inside the cabin. Therefore, 
it is important to derive driving condition specific I/O and the ones reported in our study 
can be used to approximate the in-cabin PNCs elsewhere.  
 As vehicles produce higher particle number emission during congestion, dispersion of 
exhaust emission is also limited by the surrounding built-up area, resulting in highest PNCs 
at the most congested and highly built-up part of the route. Average PNCs at TIs during 
delay conditions can be up to 29-times higher as compared to free-flow conditions due to 
changes in driving (deceleration, idling and acceleration) conditions at the TIs. The largest 
PNCs were found during delay conditions at the TIs when test vehicle was accelerating 
either in the proximity of tailpipe of a preceding vehicle or running in a parallel lane. 
During a typical delay condition at the TIs, average PNCs during acceleration were found 
up to ~6-times higher than those during idling conditions.  
 Change in driving speed and average PNCs in delay conditions at TIs were found to follow 
an exponential relationship. The geometrical shape of TIs and the built-up area around 
them significantly changed the values of coefficients (e.g. a, b and c) in this relationship, 
which can be applied to average PNEFs for making them suitable for use in dynamic 
driving conditions at the TIs.  
This study presents hitherto missing information related to the effect of dynamic driving 
conditions on nanoparticle concentrations and exposure at the TIs.  Further studies covering a 
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diverse range of TIs in different geographical settings are needed to develop a database that could 
assist in estimating the contribution of exposure at TIs towards the daily commuting exposure in 
diverse city environments. There is also a need for estimation of the area around the TI that 
experience high PNCs due to the presence of a signal. For this purpose, ZoI of the TI is estimated 
under varying driving conditions and results are presented in Chapter 5. 
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Chapter 5 
ESTIMATION OF ZONE OF INFLUENCE OF AN 
INTERSECTION 
This chapter presents the first estimates of ZoI of four different types of TIs based on the mobile 
measurements carried out as a part of experimental campaign 1. The objectives were to 
address the following questions: (i) how does ZoI vary at different types of TIs in stop- and go-
driving conditions?, (ii) what is the effect of different driving conditions on ZoI of a TI?, (iii) 
how realistically can the PNC profiles be generalised within a ZoI of a TI?, and (iv) what is 
the share of emissions during different driving conditions towards the total PNCs at a TI?. The 
chapter ends with a summary and this work appeared in Goel and Kumar (2015b). 
5.1 Introduction 
 Short-term exposure (i.e. exposure to peak PNCs averaged over short durations such 
as 1 s averaged PNC) at the TIs contribute disproportionately higher exposure compared with 
those experienced at the rest of a commuting route with free-flow traffic conditions.  
Furthermore, epidemiological studies have shown that even a short exposure of healthy people 
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to traffic-emitted nanoparticles can cause a reduction in brain plasticity (Bos et al., 2011) and 
induce changes in biomarkers of pulmonary and systematic inflammation of healthy 
individuals (Jacobs et al., 2010).  
To assess the effect of changes in driving condition of a vehicle due to traffic signal 
on PNC, a number of studies are carried out  at the fixed monitoring sites around the TIs 
(Holmes et al., 2005; Morawska et al., 2004; Tsang et al., 2008; Wang et al., 2008). For 
instance, Tsang et al. (2008) assessed the pedestrian exposure to PNCs at a busy TI in Mong 
Kok, Hong Kong. They observed a sharp increase in PNCs as a result of vehicle acceleration 
after about 3 s when the traffic signal colour changed from red to green. Wang et al. (2008) 
found that average PNCs at a TI during the red-light period was nearly 5-times higher compared 
to those during green-light period. Aforementioned studies were conducted at a distance of 3 
to 5 m away from the intersecting roads and PNCs has been found to decrease exponentially at 
distances perpendicular to the road (Al-Dabbous and Kumar, 2014; Fujitani et al., 2012b). 
Therefore, these studies did not capture the actual on-road PNCs. Moreover, most of past 
studies are carried out at fixed sites at a point near a TI that made it challenging to capture the 
on-road profile of PNCs on intersecting roads and at longitudinal distances from the centre of 
TIs. A number of studies have also carried out mobile monitoring of nanoparticles within the 
vehicles (Goel and Kumar, 2015a; Hudda et al., 2011; Joodatnia et al., 2013a, b; Knibbs et al., 
2010; Zhu et al., 2007), but studies focusing on the on-road profiles of PNCs around TIs are 
still scarce and covered as a part of this Chapter. 
There is a certain longitudinal distance along the road at both sides from the centre a 
TI that experiences elevated the level of exhaust emissions due to interruptions in traffic flow 
produced at the traffic signals. We refer this affected longitudinal length of the road as a ZoI 
of a TI. The pollutant concentration in this zone can be many times higher as compared to rest 
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of the route. For instance, Kim et al. (2014b) observed that ZoI of a four-way TI for oxides of 
nitrogen (NOx) extends from –200 to 200 m distance from the centre of a TI in stop- and go- 
driving conditions. They found about 200 to 1000 ppb of additional NOx was observed within 
the ZoI compared with the rest of the route length. This is currently unknown whether the 
similar increase in PNCs can be expected within a ZoI of a TI. As seen in Section 4.3.3,  up to 
29-times higher PNCs at TIs are found than those on the rest of the route during free-flow 
traffic conditions (Goel and Kumar, 2015a). This indicates much higher PNCs at different types 
of TIs but what is the ZoI under different driving conditions is yet poorly understood - this is 
one of the aims of this study. 
As highlighted in Chapter 2, dispersion modelling of nanoparticles at TIs is 
challenging due to a complex interplay among emission, dispersion and transformation 
processes. A number of operational air quality models addressing the dispersion of gaseous 
pollutants and PM at TI are currently available, as seen from the review of related modelling 
studies in Table 5.1. However, no such dispersion model exists for the PNCs which could be 
used at the TIs. As the first step in this direction, one of the aims of this study is to derive a set 
of equations representing PNC profiles within ZoI of four different types of TIs under 
frequently occurring stop- and go- driving conditions.  
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Table 5.1. Review of available dispersion models for gaseous pollutants and particulate matter 
with a diameter below 2.5 and 10 µm (i.e., PM2.5 and PM10, respectively) at the TIs. 
Study Pollutant of 
focus 
Description  
Dirks et al. (2003) CO The study used a semi-empirical box model for predicting CO concentration at a TI in Hamilton, 
New Zealand. The correlation coefficient, root mean square error, and mean absolute error for the 
summer season were 0.7, 0.21, and 0.15 mg m–3, respectively, while the equivalent results for the 
autumn season were 0.7, 0.65, and 0.43 mg m–3, respectively, when using weekend data to predict 
Mishra and 
Padmanabhamutry 
(2003) 
Pb This study used California Line source model (CALINE3), California Line Source for Queuing 
and Hot Spot Calculation (CAL3QHC) and Highway Vehicle Particulate Emission Modelling 
Software (PART5) to predict ground level lead concentration at five TIs in Delhi, India. They 
found CAL3QHC was most suitable for predictions at TIs. 
Gokhale and Khare 
(2005) 
CO This study used the hybrid modelling approach by combining the General Finite Line Source 
Model (GFLSM) with log logistics distribution to predict carbon monoxide concentrations at ITO 
TI in Delhi, India. The validation results showed that the model can predict CO concentrations 
fairly well (d = 0.91) in 10-95 percentile range. 
Gokhale and 
Raokhande (2008) 
PM10 and PM2.5 This study evaluated the performance of three air quality models namely (M-GFLSM), CALINE-
3 and CAL3QHC model at busiest TI in the city of Guwahati, India. They found that CAL3QHC 
can make better predictions as compared to other two models for varied meteorology and traffic 
conditions. 
Oladnia et al. (2008) CO This study was conducted at T-type TI in Tehran, Iran using Hybrid Roadway Model (HYROAD). 
Good agreement between predicted and monitored concentrations with R2 = 0.83 and 0.69 for 
summer and winter season, respectively was found. 
He et al. (2009) PM10 This study used a semi-empirical box model that includes emission rates dependent on 
instantaneous velocity and acceleration of the vehicle at a busy TI in Mong Kok, Hong Kong. 
They found that the model performance was quite close to measurement data with index of 
agreement ranging from 0.7 to 0.84  
Batterman et al. (2010) CO and PM2.5 This study predicted CO and PM2.5 concentrations at the TI of two major roads in Detroit, Michigan 
using a reduced form of MOBILE 6.2 for emission estimates and CALINE 4 for dispersion 
modelling. For CO, their model showed reasonable agreement with annual average and 24-hour 
measurement. 
Ritner et al. (2013) CO In CAL3QHC, only two types of links are defined at TIs (i.e. idling and free- flow). This study 
proposed a new method of dividing links by increments of speed change at the start and end point 
of the link to take into account the effect of driving changes on pollutant emissions at TIs.  
Also, this is the first time when PMF has been applied to quantify the contribution of 
PNCs towards the total PNCs released during deceleration, acceleration, cruising and creep-
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idling at different types of TIs, as defined in Table 5.2. Such a quantification is useful to plan 
mitigation strategies to limit emissions and exposure to PNCs at pollution hotspots. 
Table 5.2. Description of deceleration, acceleration, cruising and creep-idling conditions. 
Driving conditions Driving speed 
 (u; km h–1) 
Rate of change of driving speed 
 (i.e. du/dt; m s–2) 
Deceleration >2 <0 
Acceleration >2 >0 
Cruising >2 0 
Creep-idling <2 > –2 and <2 
 
The overall aim of this study is to estimate ZoI and derive a set of equations describing 
PNC profiles within the ZoI at different types of TIs. Receptor modelling tool, PMF, has been 
applied to estimate the contribution of different driving conditions towards the total PNCs 
measured at the TIs and the rest of the route. 
5.2 Methodology 
5.2.1 Route characteristics 
As explained in Chapter 4, mobile measurements were conducted on a 6 km long 
round route, which included 10 signalised TIs in Guildford, UK (Figure 4.1a). Since route had 
various links, the number of lanes on roads varied from two to four in each direction. Some of 
the roads have traffic only in one direction (e.g. TI10 and TI8; see Table 4.1) and the width of 
each lane was ~3.0 m. Based on a number of roads intersecting at a TI, these were divided 
broadly into two major types: (i) four-way and (ii) three-way TI (Table 4.1). On the studied 
route, five of these TIs (TI1, TI2, TI4, TI6 and TI10) were four-way and the rest were three-way. 
Based on built-up area around a TI, these TIs were further divided into (i) four-way TI with no 
built-up area (TI4w-nb), (ii) four-way TI with built-up area (TI4w-wb), (iii) three-way TI with no 
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built-up area (TI3w-nb), and (iv) three-way TI with built-up area (TI3w-wb). Here, TIs with the 
built-up area were assumed to be those TIs that was located in a street canyon with continuous 
rows of buildings on both sides with an aspect ratio of 0.8 to 0.9 (Table 4.1). TIs with no built-
up area were assumed to be those TIs that were surrounded by residential or commercial 
buildings but these buildings with height from 6 to 12 m were placed far apart.  
5.2.2 Study design 
The measurements made during ventilation Set1 were used to estimate the ZoI by 
using the method explained in Section 3.3.3 in different driving conditions.  To estimate the 
ZoI, the centre of each of the 10 TIs was identified by plotting the route on Google earth. For 
each of the 22 runs of ventilation Set1, driving speed profile of an experimental car was plotted 
at all the 10 TIs to identify the driving conditions during the individual runs. Based on the 
driving condition of the experimental vehicle at each of the TI, all the runs were further 
categorised into three categories: (i) stop and go, (ii) multiple stopping, and (iii) free–flow 
driving conditions (Table 5.3). 
 Baseline PNCs for each run were derived by taking a 30 s rolling average of the 
lowest 5th percentile value of the 1s concentration time series (Hudda et al., 2014). This 
methodology was adopted to smooth the data and to exclude the impact of micro-scale. To 
avoid potential sampling of self-exhaust from the experimental vehicle, we censored about 5% 
of the total data for situations when the wind was approaching from the rear of the experimental 
vehicle and driving speed was less than 2 km h–1. 
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Table 5.3. Run–wise description of different driving conditions at four different types of TIs. Baseline PNC were estimated based on the approach 
presented in Section 5.2.2.  
Run 
Driving condition Baseline 
PNC  
(# cm–3 ) × 
104 
Wind 
speed 
(m s–1) 
Wind 
direction 
(°) 
TI4w-nb TI4w-wb TI3w-nb TI3w-wb 
TI1 TI2 TI4 TI6 TI10 TI3 TI7 TI9 TI5 TI8 
R1 Stop-
go1,1 
Stop-go2,1 Stop-
go4,1 
Free-
flow6,
Stop-
go10,1 
Free-
flow 
Stop-go7,1 Multiple 
stopping9
Free-
flow5,1 
Free-
flow8,1 
5.01 0.3 270 
R2 Stop-
go1,2 
Free-
flow2,1 
Stop-
go4,1 
Stop-
go6,1 
Stop-
go10,1 
Free-
flow 
Multiple 
stopping7,
Multiple 
stopping9
Free-
flow5,1 
Stop-
go8,1 
6.93 1.1 270 
R3 Stop-
go1,2 
Free-flow 
2,2 
Free-
flow4,2 
- Free-
flow10,1 
Stop-
go3,2 
Stop-go7,1 Free-
flow9,1 
Stop-
go5,2 
Stop-
go8,1 
3.38 1.1 270 
R4 Free-
flow 1,2 
Stop-go 2,2 Stop-
go 4,2 
- Free-
flow10,1 
Stop-
go3,2 
Multiple 
stopping7,
Stop-
go9,1 
Stop-
go5,2 
Stop-
go8,1 
4.01 1.1 270 
R5 Free-
flow 1,2 
Stop-go 2,2 Stop-
go 4,2 
- Stop-
go10,1 
Stop-
go3,2 
Multiple 
stopping7,
Multiple 
stopping9
Stop-
go5,2 
Stop-
go8,1 
4.00 1.1 270 
R6 Free-
flow 1,2 
Multiple 
stopping2,2 
Multip
le 
- Stop-
go10,1 
Stop-
go3,2 
Free-
flow7,1 
Stop-
go9,1 
Free-
flow5,2 
Stop-
go8,1 
0.89 7.2 225 
R7 Stop-
go1,2 
Multiple 
stopping2,2 
Multip
le 
- Free-
flow10,1 
Stop-
go3,2 
Multiple 
stopping7,
Stop-
go9,1 
Free-
flow5,2 
Free-
flow8,1 
1.24 7.5 225 
R8 Stop-
go1,2 
Multiple 
stopping2,2 
Stop-
go4,2 
- Free-
flow10,1 
Free-
flow3,
Stop-go7,1 Free-
flow9,1 
Free-
flow5,2 
Stop-
go8,1 
1.68 6.7 225 
R9 Free-
flow 1,2 
Multiple 
stopping2,2 
Stop-
go4,2 
- Stop-
go10,1 
Free-
flow3,
Stop-go7,1 Stop-
go9,1 
Free-
flow5,2 
Free-
flow8,1 
1.27 6.1 225 
R10 Free-
flow 1,2 
Stop-go 2,2 Free-
flow4,2 
- Stop-
go10,1 
Free-
flow3,
Free-
flow7,1 
Free-
flow9,1 
Multipl
e 
Free-
flow8,1 
1.75 6.1 225 
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Run 
Driving condition Baseline 
PNC  
(# cm–3 ) × 
104 
Wind 
speed 
(m s–1) 
Wind 
direction 
(°) 
TI4w-nb TI4w-wb TI3w-nb TI3w-wb 
TI1 TI2 TI4 TI6 TI10 TI3 TI7 TI9 TI5 TI8 
R11 Stop-
go1,2 
Stop-go 2,2 Stop-
go4,2 
- Free-
flow10,1 
Free-
flow3,
Multiple 
stopping7,
Stop-
go9,1 
Free-
flow5,2 
Free-
flow8,1 
0.71 5.6 225 
R12 Stop-
go1,3 
Stop-go2,1 Stop-
go4,1 
Free-
flow6,
Stop-
go10,1 
Free-
flow3,
Stop-go7,1 Free-
flow9,1 
Free-
flow5,1 
Free-
flow8,1 
1.28 5.6 225 
R13 Free-
flow 1,1 
Multiple 
stopping2,1 
Stop-
go4,1 
Free-
flow6,
Free-
flow10,1 
Free-
flow 
Free-
flow7,2 
Free-
flow9,1 
Stop-
go5,1 
Stop-
go8,1 
3.33 1.1 270 
R14 Free-
flow 1,4 
Stop-go2,1 Multip
le 
Free-
flow6,
Free-
flow10,1 
Free-
flow 
Free-
flow7,2 
Stop-
go9,1 
Free-
flow5,1 
Stop-
go8,1 
3.35 0.8 270 
R15 Free-
flow 1,4 
Stop-go2,1 Stop-
go4,1 
Stop-
go6,1 
Free-
flow10,1 
Free-
flow 
Stop-go7,1 Stop-
go9,1 
Free-
flow5,1 
Stop-
go8,1 
4.05 0.8 270 
R16 Free-
flow 1,4 
Free-
flow2,1 
Stop-
go4,1 
Free-
flow6,
Free-
flow10,1 
Free-
flow 
Stop-go7,1 Stop-
go9,1 
Stop-
go5,1 
Stop-
go8,1 
5.61 0.3 270 
R17 Free-
flow 1,4 
Stop-go2,1 Stop-
go4,1 
Stop-
go6,1 
Free-
flow10,1 
Free-
flow 
Stop-go7,1 - Stop-
go5,1 
Free-
flow8,1 
3.64 0.3 270 
R18 Stop-
go1,1 
Multiple 
stopping2,1 
Stop-
go4,1 
Stop-
go6,1 
- Free-
flow 
Multiple 
stopping7,
- Multipl
e 
Stop-
go8,1 
1.92 3.9 270 
R19 Multipl
e 
Stop-go2,1 Multip
le 
Stop-
go6,1 
Stop-
go10,1 
Free-
flow 
Multiple 
stopping7,
Free-
flow9,1 
Free-
flow5,1 
Free-
flow8,1 
2.85 3.1 225 
R20 Stop-
go1,4 
Stop-go2,1 Multip
le 
Multi
ple 
Stop-
go10,1 
Free-
flow 
Stop-go7,1 Multiple 
stopping9
Stop-
go5,1 
Stop-
go8,1 
1.99 2.8 200 
R21 Stop-
go1,4 
Stop-go2,1 Stop-
go4,1 
Free-
flow6,
Free-
flow10,1 
Free-
flow 
Stop-go7,1 Free-
flow9,1 
Multipl
e 
Free-
flow8,1 
1.96 2.8 200 
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Run 
Driving condition Baseline 
PNC  
(# cm–3 ) × 
104 
Wind 
speed 
(m s–1) 
Wind 
direction 
(°) 
TI4w-nb TI4w-wb TI3w-nb TI3w-wb 
TI1 TI2 TI4 TI6 TI10 TI3 TI7 TI9 TI5 TI8 
R22 Free-
flow 1,4 
Stop-go2,1 Stop-
go4,1 
Free-
flow6,
Free-
flow10,1 
Free-
flow 
Free-
flow7,1 
Free-
flow9,1 
Stop-
go5,1 
Free-
flow8,1 
2.16 3.3 200 
 “-” refer to data not recorded due to instrumentation error such as communication failure between the instrument and the laptop. The first digit 
of superscript in each cell represents a number of a TI and the second digit represents driving direction number. For example, superscript 1, 2 
represents TI1 and driving direction 2. Details of driving direction at each of the TI is shown in Figure 5.1. 
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Figure 5.1. Google image of driving directions covered by an experimental vehicle at each of 
the 10 TIs. Arrows represent driving directions of our experimental vehicle; tail and head of 
the arrow represent driving direction from ‘+’ and ‘-’ at each TI. 
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5.3 Results and discussions 
Firstly we quantified the longitudinal distance of ZoI for PNCs at four different types 
of TIs (i.e. TI4w-nb, TI4w-wb, TI3w-nb and TI3w-wb) under three unique driving conditions. These 
included stop and go, multiple stopping, and free-flow driving conditions (Section 5.3.1 to 
5.3.3). Thereafter, PNC profiles within the ZoI of different types of TIs are interpreted based 
on the dimensional analysis (Section 5.3.4). PMF analysis is then carried out to quantify the 
contribution of PNCs released by a vehicle during deceleration, creep-idling, acceleration and 
cruising to total PNCs at the selected TI types and the rest of the route (Section 5.3.5). 
5.3.1 Common features of ZoI between stop and go and multiple stopping driving 
conditions 
A longitudinal distance representing ZoI at the TIs is estimated using the approach 
explained in Section 3.3.3. ZoI at each of the 10 TIs, separately for each run, were derived for 
stop and go and multiple stopping driving conditions (Appendix C, Table C2-3). These runs 
were then divided into four different TI categories (TI4w-nb, TI4w-wb, TI3w-nb and TI3w-wb). A 
summary of ZoI ranges (i.e. maximum, minimum, median and average) is presented in Tables 
5.4 and 5.5. ZoI represents a length of a road around a TI that is affected by higher particle 
number emissions as compared to rest of route where free-flow driving conditions persist. The 
maximum, median and average length of ZoI reported in Table 5.4 and 5.5 can be used to serve 
different purposes depending on individual’s choice. For example, the maximum length of ZoI 
at a TI can be considered for dispersion modelling purposes. As it results in the conservative 
estimation of PNCs, and cover all possible receptor locations around a TI that are affected by 
higher particle number emissions. 
 
 
 
 
102 
 
Table 5.4. Start (X1) and end points (X2) of maximum, minimum, median and average distance, 
representing ZoI for PNCs at four different types of TIs during stop and go driving conditions. 
Average values for each type of a TI is shown in bold. Detailed run-wise information of X1 and 
X2 is provided in Appendix C, Table C2. 
Type of 
TIs 
Maximum Minimum Median Average±stdev 
X1 (m) X2 (m) X1 X2 (m) X1 (m) X2 (m) X1 (m) X2 (m) 
TI1 117 -143 16 -7 63 -42 64±35 -51±43 
TI2 140 -120 27 0 65 -45 67±35 -47±49 
TI4 189 -190 0 -6 83 -17 91±55 -27±76 
TI6 123 -154 40 21 104 21 92±34 -41±96 
TI4w-nb 189 -190 0 -6 74 -30 79±15 -42±11 
TI10 80 -40 10 -20 50 -40 46±25 -33±10 
TI4w-wb 80 -40 10 -20 50 -40 46±25 -33±10 
TI3 90 -50 50 20 70 13 59±33 –4±45 
TI7 157 -111 19 17 89 -32 79±51 -17±60 
TI9 142 -98 22 12 68 -40 76±44 -23±57 
TI3w-nb 157 -111 19 17 70 -32 71±11 -15±10 
TI5 146 -151 65 14 106 -98 108±27 -98±38 
TI8 90 -60 40 30 80 -30 70±27 -20±46 
TI3w-wb 146 -151 40 30 93 -64 89±27 -59±55 
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Table 5.5. Start (X1) and end points (X2) of maximum, minimum, median and average distance, 
representing ZoI for PNCs at four different types of TIs during multiple stopping driving 
conditions. Average values for each type of a TI is shown in bold. Detailed run-wise 
information of X1 and X2 is provided in Appendix C, Table C3. “-” refers to unavailability of 
data. 
 
 The maximum length of ZoI was found to be up to 3.6-times the median length, and 
the median length was within ±5% of the average length of ZoI (Tables 5.6 and 5.7). Given 
that the maximum and median values are most relevant for both the driving conditions, these 
are chosen for the subsequent discussion throughout the article. In both the driving conditions, 
the maximum length of ZoI is highest at TI4w-nb, followed by TI3w-wb, TI3w-nb and TI4w-wb (Tables 
5.6 and 5.7). A good linear correlation (R2 = 0.70 in stop and go and R2 = 0.66 in multiple 
stopping)  is observed between maximum length of ZoI and idling time at a TI. Higher idling 
found to lead to a longer queue length at the TIs, resulting in longer ZoI. 
Type of Tis 
Maximum Minimum Median Average±stdev 
X1 (m) X2 (m) X1 (m) X2 (m) X1 (m) X2 (m) X1 (m) X2 (m) 
TI1 120 -187 20 -178 70 -183 70±70 -182±6 
TI2 205 -21 98 10 147 13 149±37 5±16 
TI4 138 -91 58 28 74 -35 89±32 -23±53 
TI6 158 58 158 58 158 58 - - 
TI4w-nb 205 -190 0 -6 134 -11 119±30 -68±104 
TI10 - - - - - - - - 
TI4w-wb - - - - - - - - 
TI3 - - - - - - - - 
TI7 169 40 31 5 71 19 76±48 20±10.5 
TI9 196 57 62 39 107 -1 118±65 -5±41 
TI3w-nb 196 40 31 5 89 9 97±30 8±17 
TI5 160 -96 111 28 130 -79 134±25 -45±74 
TI8 - - - - - - - - 
TI3w-wb 160 -96 111 28 130 -79 134±25 -45±74 
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Table 5.6. Average deceleration, acceleration, driving speed, idling time and PNCs within 
maximum and median lengths of ZoI at four different types of TIs in stop and go driving 
conditions. 
Type of 
Tis 
ZoI (m) 
Deceleration 
(m s–2) 
Acceleration 
(m s–2) 
Driving 
speed 
(km h–1) 
Idling 
time 
(s) 
PNC 
(# cm–3) × 
105 
Maximum length 
TI4w-nb 379 –0.61 0.68 19 47 1.09 
TI4w-wb 120 –0.87 0.83 13 15 0.89 
TI3w-nb 268 –0.74 0.92 17 25 0.97 
TI3w-wb 297 –0.77 0.96 18 23 1.08 
Median length 
TI4w-nb 104 –0.48 0.70 20 47 1.22 
TI4w-wb 90 –0.67 0.74 15 15 0.97 
TI3w-nb 102 –0.57 0.86 14 25 1.08 
TI3w-wb 157 –0.84 0.92 15 23 1.10 
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Table 5.7. Maximum and median length of ZoI, along with average deceleration, acceleration, 
driving speed, idling time and PNCs within them, at four different types of TIs. “–” refers to 
unavailability of data. 
 
Unlike the maximum length, the median length of ZoI was highest at TI3w-wb, followed 
by TI4w-nb, TI3w-nb and TI4w-wb (Tables 5.6 and 5.7) in both driving conditions. A reasonable 
good linear correlation (R2 = 0.55)  was found between median length of ZoI and the average 
acceleration (Table 5.6) for stop and go driving condition. However, no such correlation was 
found for multiple stopping driving conditions. 
Type of TIs ZoI (m) 
Deceleration 
(m s–2) 
Acceleration 
(m s–2) 
Driving 
speed  
(km h–1) 
Idling 
time (s) 
PNC 
(# cm–3) × 
104 
Maximum length 
TI4w-nb 395 –0.46 0.49 9 97 4.87 
TI4w-wb - - - - - - 
TI3w-nb 156 –0.83 1.01 12 38 8.45 
TI3w-wb 256 –0.77 0.79 13 23 4.14 
Median length 
TI4w-nb 122 –0.39 0.44 6 97 5.06 
TI4w-wb - - - - - - 
TI3w-nb 80 –0.73 0.81 9 38 9.81 
TI3w-wb 209 –0.70 0.81 13 23 4.15 
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5.3.1.1 ZoI during stop and go driving conditions  
Stop and go driving conditions occur most frequently at the TIs (Table 5.3). During 
such conditions, a vehicle undergoes a series of changes in the form of deceleration, idling and 
acceleration. Interestingly, the maximum length of ZoI of TI4w-nb was over 3-fold to those found 
for the TI4w-wb, but the corresponding difference in average PNCs within the ZoI was only about 
23%. While at three-way TIs, both the length of ZoI at TI3w-wb and average PNCs within them 
were ~11% higher than those at TI3w-nb (Table 5.6). This can be explained by ~40% higher 
driving speed at T4w-nb than those at TI4w-wb while the average driving speed at both three-way 
TIs was almost equal (Table 5.6). Particle number emission increases with the increase in 
driving speed due to higher engine load (Imhof et al., 2005; Kumar et al., 2011b; Wang et al., 
2010). The above observations allowed to conclude that irrespective of any type of a TI, the 
maximum length of ZoI depends predominantly on idling time while average PNCs depends 
on driving speed of the road vehicles. 
The median length of ZoI at TI4w-nb was 15% higher than that of TI4w-wb and the 
corresponding difference in average PNCs was only ~25%. While at TI3w-wb, the length of ZoI 
was ~54% more than those at TI3w-nb and corresponding differences in PNCs were only about 
3% (Table 5.6). Similar to average PNCs in the maximum length of ZoI, a linear correlation 
(R2 = 0.49) was found between average PNCs in median length and the driving speed of the 
traffic. These observations suggested that for all types of TIs, the median length of ZoI depends 
predominantly on the acceleration of traffic. 
Above discussions clearly show that ZoI exists within the vicinity of a TI and the 
length of a ZoI is dissimilar at different types of TIs. For a driving condition, ZoI and PNCs 
within them depends on factors such as average acceleration, deceleration and idling time 
(Table 5.6).  
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5.3.1.2 ZoI during multiple stopping driving conditions  
Multiple stopping is a driving condition where a vehicle stops at a TI more than once 
in a signal cycle due to oversaturation (having traffic volume greater than the designed 
capacity) of a TI. On our study route, such conditions were encountered on a number occasions 
at the TIs (see Table 5.3). The maximum length of ZoI at TI3w-wb was about 64% larger than 
those at TI3w-nb. Although the average PNCs at TI3w-nb was almost twice to those found at the 
TI3w-wb (Table 5.7). This can be explained by higher acceleration at TI3w-nb (1.0 m s–2) compared 
with relatively lower acceleration (0.8 m s–2) at TI3w-wb. These results are in line with those 
reported by Wang et al. (2006) where they found that high PNCs were mainly associated with 
heavy acceleration, high engine speed and high engine torque. These observations allow 
concluding that maximum length of ZoI depends on idling time at a TI and average PNCs 
within ZoI on the acceleration.   
Highest average PNCs within the median length of ZoI was found at TI3w-nb, followed 
by TI4w-nb and TI3w-wb. Unlike the PNCs in maximum length, no significant correlation was 
found between average PNCs, and studied factors (i.e., acceleration, deceleration, driving 
speed and idling time) at a TI. 
5.3.2 ZoI during free-flow driving conditions  
Free-flow is a driving condition in which a vehicle crosses a TI without appreciable 
change in its driving speed. This type of a driving condition occurs less frequently as compared 
to stop- and go- driving condition at TIs (Table 5.3).  On our study route, this driving condition 
occurred a few times at the TIs (Table 5.3).  However, there was no juncture (X1 and X2) found 
between the PNC and driving speed profiles with respect to changing distance from the centre 
of a TI. An example of average PNC and speed profiles with respect to distance from the centre 
of a TI at four different types of TIs, which were TI1 (TI4w-nb), TI10 (TI4w-wb), TI3 (TI3w-nb) and 
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TI8 (TI3w-wb), is shown in Figure 5.2. These results clearly suggest that the ZoI does not exist 
for free flow driving conditions, substantiating previous findings that free-flow traffic 
conditions at the TIs can eliminate the pollution hotspots around TIs (Fruin et al., 2008; Goel 
and Kumar, 2015a; Kim et al., 2014b). 
 
 
 
 
 
Figure 5.2. Distance versus driving speed and PNCs profile in free-flow traffic driving 
condition at (a) TI4w-nb, (b) TI4w-wb (c) TI3w-nb and (d) TI3w-wb. These profiles are plotted by 
assuming the centre of a TI at zero. The driving direction of an experimental car is shown by 
an arrow. 
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5.3.3 PNC profiles within ZoI at different types of TIs 
Larger variations in PNCs were observed within the ZoI around the TIs compared 
with those observed at the remaining length of the route (Section 5.3.1). We tried different best 
fitting curves on PNCs within the ZoI. Polynomial form represented the data points well at all 
the four different types of TIs (Figure 5.3). A generic form of these polynomial fits is seen in 
Eq. (5.1).  
 (N)୶ (⋕ cm–3) = a (⋕ cm–6)xଷ(cm3) + b (⋕ cm–5)xଶ(cm2) + c (⋕ cm–4)x (cm) + d (⋕ cm–3)   
(5.1) 
Where (N)x  is PNC at a distance ‘x’ from the centre of a TI within a ZoI, x can be a 
curved line following the road; a, b, c and d are coefficients of the polynomial equation. The 
coefficient d turns out to be equal to the 70th percentile of PNCs within the ZoI. Table 5.8 shows 
the values of coefficients a, b, c and d, which were derived for all the four different types of 
TIs (i.e. TI2, TI10, TI3 and TI8 that represent TI4w-nb, TI4w-wb, TI3w-nb and TI3w-wb, respectively). 
PNC profiles within the ZoI can depend on numerous factors. These include particle 
number flux (PNF, i.e. the net number of particles passing through a unit surface area in unit 
time; Kumar et al., 2008), wind speed (u), average driving speed (v), resultant wind speed (w) 
that is a square root of sum of squares of wind speed and driving speed (i.e. ඥߙݑଶ + ߚݒଶమ ),  
height (h) of buildings around a TI, and the delay time (t) at a TI. Parametrisation was 
performed in order to physically interpret the coefficients of the Eq. (5.1). Details of the 
parametrisation are presented in Appendix B and the final form of it is seen in Eq. (5.2).  
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(N)୶ − N଻଴୲୦ = (ܲܰܨ)  × ൬1ݓ൰ × ൬1ℎ൰  ൜൬1ݑ൰ × ൬1ݒ൰ × t−2xଷ + ൬1ݑ൰ × t−1xଶ + xൠ                                
                                                                                                                                              (5.2) 
Parametrisation was performed based on dimensional homogeneity on both sides of 
the Eq. (5.2). Based on the dimensional equality, the dimension of a, b and c should be # cm–
6
, # cm–5 and  # cm–4.   The maximum dimension that is common among a, b and c is # cm–4. 
Therefore, the coefficient a and b are normalised against coefficient c and the normalised 
coefficient is represented as ‘a´ and ‘b´, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. PNC profiles with respect to distance from the centre of a TI within ZoI at (a) TI4w-
nb, (b) TI4w-wb, (c) TI3w-nb and (d) TI3w-wb. 
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Table 5.8. Values of coefficients ‘a’, ‘b’, ‘c’ and ‘N70th’ at two different types of four-way TIs 
i.e., TI4w-nb, TI4w-wb, TI3w-nb, and TI3w-wb.  Average coefficients were derived based on data of 
nine, nine, five and three runs in case of TI4w-nb, TI4w-wb, TI3w-nb, and TI3w-wb, respectively. 
Type of a TI a (# cm–6) b (# cm–5) c (# cm–4) d (# cm–3) 
TI4w-nb –0.45 –6.45 1218 244537 
TI4w-wb –0.41 –12.51 952 126833 
TI3w-nb –0.18 23.79 –272 42709 
TI3w-wb 0.44 –54.12 –472 248415 
The coefficient c, which was found to be directly proportional to PNF (see Eq. (5.2) 
and Appendix B), represents the influence of PNF on PNCs profiles. The value of c was found 
to be higher at TI4w-nb than those at TI4w-wb (Table 5.8). Since PNF is directly proportional to 
traffic volume, which was ~2 times higher at TI4w-nb than those at TI4w-wb, led to a higher value 
(~2 times) of c at TI4w-nb. At three-way TIs, c at TI3w-wb was also ~2 times of TI3w-nb. This can 
be explained by higher traffic volume at TI3w-wb as compare to TI3w-nb. The above results 
indicate that c is more influenced by traffic volume as compared to other parameters at both 4-
way and 3-way TIs.  
The normalised coefficient a´ represents the combined influence of wind and driving 
speed along with delay time on PNCs profiles. The values of aʹ were higher at TIs with built-
up areas as compared to TIs without built-up area. For instance, aʹ (9.3×10–4 m–2) was 2.5-times 
of TI4w-nb at TI4w-wb and 1.5-times of TI3w-nb at TI3w-wb (Table 5.8). These differences can be 
explained by changes in u, v and t at different TIs since these factors are inversely proportional 
aʹ (see Eq. (5.2) and Appendix B). The delay time, t,  at TI4w-nb was ~3-fold higher than those 
at TI4w-wb, leading to a lower value of aʹ at TI4w-nb. Although u at TI4w-wb was ~1.7 times of TI4w-
nb and v of vehicle was almost same at both TIs, which shows that aʹ is more influenced by t at 
a four-way TIs as compare to u and v. At 3-way TIs, t and v were almost similar at both TI3w-
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wb and TI3w-nb but u at TI3w-nb was ~2 times of TI3w-wb, showing that that aʹ is influenced by u at 
3-way TIs.  
Unlike a´, b´ shows the dependency of PNC profiles only on wind speed and delay 
time. As seen in Table 5.8, b´ at TI4w-wb (-1.31×10–2 m–2) and TI3w-wb (1.15×10–1 m–2) was about 
2.5- and 1.3-times to those found at TI4w-nb and TI3w-nb, respectively. These differences can be 
explained by the changes in u and t at different TIs since these factors are inversely proportional 
to b´ (see Eq. (5.2) and Appendix B). The t at TI4w-nb was about 1.2-times higher than those at 
TI4w-wb, leading to a lower value of b´ at TI4w-nb while u was almost same at both TIs. In the 
case of three-way TIs, t was almost same at both the TIs while u was 2-fold higher at TI3w-nb 
compared with TI3w-wb, leading to the lower value of b´at TI3w-nb. It shows that bʹ is influenced 
by t at 4-way TIs and by u at 3-way TIs. 
Above discussion showed that PNCs follow a three-degree polynomial profile within 
ZoI of a TI. Less variability among the values of coefficients was observed at 4-way TIs 
compared with 3-way TIs. At four-way TIs, coefficients were mainly influenced by the delay 
time and traffic volume while wind speed and traffic volume played an important role in 
determining coefficients at the three-way TIs. 
5.3.4 PMF modelling 
Receptor models such as PMF are mostly applied to ambient particle chemical 
composition data in such a way that solution is a combination of a certain number of emission 
sources that are known as factors. By applying PMF to on-road PND data, results obtained 
were driving conditions (instead of emission sources), and the size distribution of emissions in 
such driving conditions (instead of chemical profiles) (Domínguez-Sáez et al., 2012). This 
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approach of PMF analysis is applied separately on the PND data for the whole route as well as 
those within the ZoI of four different types of TIs (Figure 5.4).  
The model was run separately by considering solutions for 2, 3, 4 and 5 factors. A 4-
factor solution was considered as optimal because: (a) theoretical value of Q (692294), which 
is a goodness of a fit parameter of chi-square distribution (JRC, 2009) and determines how well 
the model fit the input data, was found to be approximately equal to the number of data points 
in the array (784754), and (b) the factors identified were found to be related to known physical 
sources (Domínguez-Sáez et al., 2012; Gupta et al., 2012; Hopke, 2000). Identified factors 
were tentatively assigned to the potential sources based on the following information: (i) 
comparison of factor-specific PNDs profile reported in this study with those available in 
literature (Figure 5.4a-d), (ii) comparison of average of normalised factor contributions for 
different traffic speed and acceleration combinations (Figure 5.4e), and (iii) normalised factor 
contribution and driving speed profiles with respect to distance from the centre of a TI at four 
different types of TIs (Figures 5.4j, o, t and y). Robustness of the results was further confirmed 
based on similarity in factor specific PND profiles for the whole route as well as at four 
different types of TIs (Figure 5.4f-x). After factor identification, the contribution of each factor 
to total PNCs was calculated using multiple linear regressions (Domínguez-Sáez et al., 2012).   
5.3.4.1 Allocation of factors to different driving conditions  
Factor-specific PND profiles were found to be identical in shape for the different types 
of TIs and the whole route (Figure 5.4). The results related to TI4w-nb are therefore discussed in 
detail below. Detailed discussion on the contribution of PNCs released due to each of these 
factors to total PNCs is provided in Section 5.3.4.2. 
Factor 1 (Deceleration):  Factor 1 showed a bimodal PND profile with peaks at 
diameter ~8 and 100 nm (Figure 5.4f). Similar bimodal distribution with a peak at diameter 
114 
 
about 10 and 100 nm was observed by Wang et al. (2006) during deceleration of diesel vehicles 
(Table 5.9). Similarly, Huang et al. (2012) and Karajalainen et al. (2014) observed PNDs 
mainly composed of nucleation mode particles during deceleration driving conditions (Table 
5.9). Our PND profiles were also found to be dominated by nucleation mode particles of less 
than 20 nm in diameter and therefore attributed to deceleration conditions (Table 5.9). During 
deceleration, fuel supply to the engine is reduced due to which emissions of soot particles drop, 
which reduces the available surface area for condensation of organic material, and sulphuric 
acid and thus nucleation occurs (Vogt et al., 2003). The further average normalised contribution 
of factor 1 was highest during deceleration (see Figure 5.4e). The normalised contribution of 
factor 1 with respect to the distance at TIs increases with a decrease in driving speed of the 
experimental car at each of the four types of TIs (see Figure 5.4j, o, t and y). Therefore based 
on above discussions, factor 1 was identified as deceleration. 
Factor 2 (Acceleration): Factor 2 showed a bimodal factor specific PND profile with 
the first peak at diameter ~30 nm and second peak diameter varied from 205-400 nm (Figure 
5.4g). Similar bimodal PND with peaks at ~20  and 70-150 nm during acceleration were 
reported by Shah and Cocker (2005), Karjalainen et al. (2014) and Goel and Kumar (2015a). 
During acceleration, PNCs are typically higher due to higher engine loading that leads to 
greater fuel consumption (Karjalainen et al., 2014). Further, the normalised contribution of 
factor 2 was higher compared with other factors (i.e., factor 3 and factor 4) during acceleration 
(Figure 5.4e). The normalised contribution of factor 2 with respect to the distance at TIs showed 
an increasing trend with an increase in the driving speed of the experimental car at each of the 
four types of TIs (Figure 5.4j, o, t and y ). Based on above discussion, this factor is identified 
as acceleration. 
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Factor 3 (Cruising): Factor 3 showed a trimodal factor specific PND profile with 
peaks at approximately 5, 25 and 100 nm (Figure 5.4h). Similar trimodal PND with peaks at ~ 
5, 20 and 100 nm during cruising was reported by Shah and Cocker (2005). Further, the relative 
average normalised contribution of factor 3 was higher during cruising driving condition as 
compared to factor 4 (see Figure 5.4e). Therefore, this factor is identified as cruising. 
Factor 4 (Creep-idling): Factor 4 showed a trimodal factor specific PND profile with 
peaks at 5, 48 and 100 nm (Figure 5.4i). Similar trimodal PNDs with peaks at 5, 40 and 100 
nm during idling of diesel bus in a road chasing experiment in Korea was observed by Kwak 
et al. (2014). Further, the contribution of this factor was highest during creep-idling (Figure 
5.4e) and therefore this factor is identified as creep-idling. 
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Figure 5.4. Percentage contribution of each factor identified 
towards the PNCs in different size ranges on the whole route and at four different types of TIs. Along with average of the normalised 
contribution of factor 1, factor 2, factor 3 and factor 4 during deceleration, acceleration, cruising and creep-idling on the whole route. Also, the 
profile of normalised contribution of factor 1 and factor 2 with respect to distance from the centre of a TI at four different types of TIs are presented.   
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Table 5.9. Summary of field studies discussing PNDs characteristics during different driving 
conditions. 
 
 
5.3.4.2 Comparison of factor contribution at different TIs 
  Table 5.10 shows the contribution of above-identified four factors to total PNCs at 
four different types of TIs and on the whole route. It shows that PNCs released during 
deceleration (26 to 78%) contributed highest (in the 26-78% range) to total PNCs at the studied 
TIs, followed by acceleration (12-33%), cruising (6-35%) and idling (1-15%). A strong linear 
correlation (R2 = 0.95) was found between average idling time and the contribution of PNCs 
during deceleration to the total PNC at the TIs (Figure 5.5). Idling time was found to be directly 
Study Type Traffic 
compositio
n 
Range 
(nm) 
Instru
ment 
PNDs characteristics in different 
driving conditions 
Contribution of 
PNCs released 
during different 
driving conditions 
Shah and 
Cocker 
(2005) 
Engine exhaust 
measurements  
Heavy duty 
diesel truck 
0-1000 SMP
S, 
CPC 
and 
DMA 
Found  presence of a 
number peak at 15 nm daring 
transient vehicle operation 
They observed high 
PNCs during 
acceleration and 
uphill driving 
Wang et al. 
(2006) 
Engine exhaust 
measurements 
using heavy-
duty transient 
test cycle 
(HDTT) on 
Heavy-duty 
diesel 
pickup 
truck 
5.6-
560 
EEPS 
 
Acceleration was dominated by 
Aitken mode particles with 
diameter around 50 nm, 
deceleration was dominated by 
nucleation mode particle and 
idling was dominated by Aitken 
They found highest 
PNCs during 
acceleration 
followed by cruising, 
deceleration and 
idling 
Domínguez-
Sáez et al. 
(2012) 
Positive matrix 
factorization of 
exhaust 
sampling of a 
diesel car 
Diesel car 12.4-
560 
EEPS 
3090 
 
In cruise, they found high PNCs 
in Aitken mode particles 
(diameter > 29.4 nm), with a 
statistical mode of the size 
distribution at 60 nm. In transient 
conditions (medium-high 
Cruise, transient 
driving conditions 
and creep-idling 
contributed 60%, 
25% and 14%, 
respectively. 
Huang et al. 
(2012) 
Engine exhaust 
measurement 
Diesel bus 
with Euro 
IV emission 
standards 
5.6-
560 
EEPS 
3090 
 
Idling and acceleration was 
mainly concentrated in the 
accumulation mode particles and 
deceleration was mainly 
composed of nucleation mode 
particles 
Found highest PNCs 
(5×108 # cm-3) 
during acceleration, 
followed by idling 
(2.7×107 # cm-3) and 
deceleration (2.0×106 
-3Karjalainen 
et al. (2014) 
Road chasing 
and Chassis 
dynamometer 
Gasoline 
passenger 
car 
5.6-
520 
EEPS 
3090, 
UCP
C 
3025 
and 
In both chassis and on-road 
measurements, PNDs were 
bimodal during acceleration with 
modal diameters of ~30 and 70 
nm. During accelerations, the 
PNCs of larger particles were 
Observed highest 
PNCs during 
acceleration 
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proportional to the queue length at the TIs. Therefore, an increase in idling time is responsible 
for more vehicles to undergo deceleration at a TI and resulting in a greater contribution from 
deceleration driving conditions to the total PNC.  
These results are somewhat different to those reported in the literature. For instance, 
acceleration has been found to show highest PNCs during laboratory and on-road 
measurements, followed by idling and deceleration (see a review of studies in Table 5.9). 
 
 
 
 
 
 
Figure 5.5. Correlation between factor contribution of deceleration and average idling time a 
TI. 
Although there are also studies (e.g. Karjalainen et al., 2014), which have reported 
deceleration due to engine braking to contribute significantly to ambient concentrations, little 
to particle emissions, during transient driving conditions that mostly occur in the vicinity of 
signalised TIs. Dispersion conditions at the TIs are hugely influenced by their geometry and 
the surrounding built-up environment, which contribute in diluting the emissions between the 
tailpipe and the sampling location (Goel and Kumar, 2014; Kumar et al., 2009b). Other 
variables to contribute to somewhat higher contributions during deceleration could be the 
driving conditions and the time spent by road vehicles at the TIs. In this case, average time 
spent during the deceleration was ~30% higher than those during acceleration. Moreover, both 
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the distance between the on-road vehicles and dilution of emissions due to lower turbulence as 
a result of decreasing vehicle speed decreases during deceleration (Carpentieri and Kumar, 
2011), contributing to relatively larger share of total PNCs during deceleration.  
 
Table 5.10. Factor contribution in percentage to total PNC on the whole route and at four 
different types of TIs. 
Type of TI Factor 1 
(Deceleration) 
Factor 2 
(Acceleration) 
Factor 3 
(Cruising) 
Factor 4 (Creep-
idling) 
TI4w-nb 78 12 6 4 
TI4w-wb 26 24 35 15 
TI3w-nb 49 21 23 7 
TI3w-wb 38 33 23 6 
Average at all 
types of TIs 
48 23 22 8 
Whole Route 33 28 29 10 
 
In terms of the inter-comparability of contributions among the studied TIs, the 
combined contribution of deceleration, creep-idling and acceleration was highest at TI4w-nb 
(94%), followed by TI3w-wb (77%), TI3w-nb (77%) and TI4w-wb (65%). Combined factor 
contribution (deceleration + creep-idling + acceleration) to total PNC was 29% more at TI4w-nb 
as compare to TI4w-wb while no such differences were observed between TI3w-nb and TI3w-wb 
(Table 5.10).  
5.4 Summary, conclusions and future work 
This Chapter presents the longitudinal distances, representing ZoI around a TI, at four 
different types of TIs under three different driving conditions. ZoI of a TI was estimated on the 
basis of on-road PNCs and driving speed with respect to distance from the centre of a TI at 
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different TIs. These on-road PNCs were obtained by mobile monitoring of particle number and 
size distribution in 5-560 nm size ranges. The results are discussed in terms of ZoI of a TI for 
PNC. Generalised profiles of the PNCs with respect to a distance within the ZoI is also 
presented. Furthermore, the contribution of PNC due to different driving conditions such as 
deceleration, acceleration, creep-idling and cruising to overall PNC within ZoI of TIs is also 
estimated by using the PMF modelling.  
The following conclusions were drawn: 
 Irrespective of a type of a TI and driving conditions, the length of ZoI at a TI was found 
to depend on acceleration, deceleration and idling time of a vehicle. The maximum 
length of ZoI correlated linearly with the idling time at a TI while the average length of 
ZoI is found to have a linear correlation with acceleration. 
 During stop and go driving conditions, the maximum length of ZoI was found to be the 
largest (379 m) at TI4w-nb, followed by TI3w-wb (297 m), TI3w-nb (268 m) and TI4w-wb (120 
m). This indicates that receptors located even at a farther distance from the TI will be 
exposed to peak PNCs emitted due to the presence of a traffic signal at TI4w-nb. 
 During multiple stopping driving conditions, ZoI of a TI4w-nb was almost similar to those 
found in stop and go driving conditions. This indicates that maximum length of ZoI at 
TI4w-nb is not affected by driving conditions. As expected, the ZoI shrank to almost zero 
in the case of a free-flow driving conditions as there were not many variations in driving 
speed (30±6 km h–1) of the vehicle, which resulted in almost constant PNCs with respect 
to changing distance from the centre of a TI.  
 A three-degree polynomial fit represented the PNC well within the ZoI. At all four types 
of TIs, traffic volume influenced the coefficient of polynomial fit. Delay time played 
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an important role in determining the coefficients at four-way TIs while wind speed at 
three-way TIs.  
 The results of PMF modelling suggested that, irrespective of any type of a TI, average 
contribution towards PNCs was highest during deceleration (48±22%), followed by 
acceleration (23±9%), cruising (22±12%) and idling (8±5%). It indicates that change 
in driving conditions of road vehicles due to the presence of traffic signals is a major 
cause for higher PNCs at TIs. 
ZoI and contribution of different driving conditions at TIs are derived for the first 
time. This work also opened up a number of questions for further research. For example, 
estimating the vertical variations and horizontal variations in PNCs within the ZoI is important 
to represent the exposure of receptors residing at different heights and distances near the TI. 
For this purpose, monitoring of PNCs in horizontal and vertical directions is conducted at two 
different types of TIs and results are presented in Chapter 6. 
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Chapter 6 
EXPERIMENTAL CAMPAIGN 2- FIXED SITE 
MEASUREMENTS 
This chapter presents the results of the fixed site measurements carried out as a part of 
experimental campaign 2 for nanoparticles. The objectives were to: (i) assess the differences 
in PNCs measured at studied TIs, (ii) identify the best fit probability distribution curves for the 
PNCs data, (iii) determine vertical and horizontal decay profiles of PNCs and (iv) estimate 
particle number emission factors (PNEFs) under congested and free-flow traffic conditions. 
The chapter ends with a summary and this work appeared in Goel and Kumar (2016).   
 
6.1 Introduction 
Spatial variations of nanoparticles have been investigated for diverse urban settings 
such as in street canyons (Kumar et al., 2008c, d), along with the highways (He and Dhaniyala, 
2012; Zhu and Hinds, 2005) and motorways (Imhof et al., 2005). Yet, there are a handful of 
studies focussing on horizontal (Kim et al., 2013) and vertical (Nakashima et al., 2014) 
variations in PNCs at the signalised TIs. Past studies suggest an exponential decay in PNCs 
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with an increasing height within street canyons (Kumar et al., 2008c) while no such vertical 
decay has been reported on the sides of highway or motorways (Nakashima et al., 2014). Earlier 
work also suggests an exponential decay in PNCs with increasing horizontal distance from the 
highways in absences of any obstructions (Zhu et al., 2002). Such profiles are not available for 
TIs but are important to understanding human exposure at these hotspots. With this in mind,  
the vertical and horizontal variability in PNDs at two different types (i.e. 3- and 4-way) of TIs 
is determined in this Chapter. 
PNEFs is a measure that relates the characteristics of an emission source with its 
strength. There are a number of methods to derive PNEF through laboratory testing based on 
the engine and chassis dynamometer studies (Jayaratne et al., 2009; Morawska et al., 1998; 
Ristovski et al., 2004; Ristovski et al., 2005), direct on-road and onboard measurements under 
real-world driving cycle (Keogh and Sonntag, 2011; Nickel et al., 2013) and inverse modelling 
techniques (Kumar et al., 2008c; Morawska et al., 2005). These techniques are discussed in 
detail in Kumar et al. (2011b). The main advantage of field studies over chassis dynamometer 
based studies is that the former takes into account the effects of transformation processes such 
as nucleation, dilution, condensation, coagulation and dry and wet deposition on the changing 
PNCs between the source and the receptor (Kumar et al., 2011b). A number of past studies 
have determined PNEFs for road tunnels, highways and street canyons with free-flowing traffic 
conditions based on field measurements, as summarised in Table 6.1. However, studies 
determining the PNEFs in congested driving conditions, which often prevail at TIs, are yet to 
appear and therefore is taken up for investigation in this Chapter. 
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Table 6.1.  Review of studies that have estimated PNEFs based on the field observations. The 
symbol “σ” and acronyms HDV and LDV refer to standard deviation, heavy-duty diesel 
vehicle, and light-duty diesel vehicle, respectively. 
Study Vehicle type Range 
(nm) 
PNEF± σ (# veh–1 
km–1)× 1014 
Environment 
Corsmeier et al. (2005) Mixed fleet 10-400 4.70 Rural motorway 
Morawska et al. (2005) Petrol vehicle 18-880 0.22 Stop and start 
condition in street 
Morawska et al. (2005) Diesel vehicle 18-880 2.04 Stop and start 
condition in street 
Hueglin et al. (2006) Mixed fleet 7-3000 7.90 Motorway 
Jones and Harrison 
(2006) 
HDV 11-450 6.36 Street canyon 
Jones and Harrison 
(2006) 
LDV 11-450 0.12 Street canyon 
Rose et al. (2006) Cars 3-800 0.58±0.2 Street canyon 
Rose et al. (2006) Trucks 3-800 25.0±9.0 Street canyon 
Kumar et al. (2008c) Mixed fleet 5-1000 1.21-2.23 Street canyon 
Wang et al. (2010) Mixed fleet 10-700 2.15±0.05 Highway 
Wang et al. (2010) Mixed fleet 10-700 1.87±0.03 Urban site 
Nickel et al. (2013) HDV 14-750 11.10 Motorway 
Nickel et al. (2013) LDV 14-750 2.10 Motorway 
Ripamonti et al. (2013) Mixed fleet 3-950 6.03±0.19 
Road in a semi-
urban area 
This studya Mixed fleet 5-560 6.41±3.32 3-way TI 
This studya Mixed fleet 5-560 7.69±10.9 4-way TI 
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Information regarding the distribution of pollutant concentrations in different 
environments (e.g. TIs, motorways, roadways, households) is important for assessing the 
variability in exposure estimates (USEPA, 1992), apportioning the contribution of the emission 
sources and evaluating policies and interventions (Batterman et al., 2007; Jia et al., 2008; Loh 
et al., 2007). Fitting numerous types of probability distribution functions (hereafter referred as 
probability function) to the pollution data allows estimating the frequency of individual 
concentration ranges to which urban dwellers expose in diverse urban settings. There are a 
number of such studies available in the literature, which has fitted probability function curves 
to their air pollution data. For instance, Mage (1984) fitted pseudo-lognormal distribution on 
carbon monoxide data set that was measured in Washington D.C (USA). Later, Burkhardt et 
al. (1998) applied lognormal distribution to ammonia measured in the downtown of Los 
Angeles and in the rural areas near Edinburgh. Similarly, Kao and Friedlander (1995) applied 
lognormal distribution to particulate matter of diameter less than 10 µm (PM10) measured in 
south coast air basin of California. Likewise, Morel et al. (1999) fitted type V Pearson 
distribution for PM10, PM2.5 (diameter less than 2.5 µm), nitrogen dioxide and sulphur dioxide 
data measured in Santiago (Chile). However, there are hardly any studies that have attempted 
similar distribution fits the PNC data at the TIs, which is one of the aims of this Chapter. 
  In summary, the specific objectives of this Chapter are to assess the vertical and 
horizontal profile of PNDs and PNCs at 4- and 3-way TIs, in order to compare the exposure at 
these TIs. Furthermore, in this Chapter, PNEFs are estimated for congested and free flow 
driving conditions and statistical distributions are fitted to a different time-averaged PNCs at 
both types of TIs. 
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6.2 Methodology 
6.2.1 Site description 
Measurements were conducted at two different types of TIs (i.e. 4- and 3-way) in a 
typical UK town, Guildford. The 4-way TI was located in a suburban area of Guildford and has 
4 intersecting roads (Figure 6.1a). Legs 1 and 2 represent Egerton road that was ~12 m wide. 
Leg 3 represents Richard Meyjes road that was ~15 m wide. Leg 4 represents Gill Avenue that 
was ~18 m wide and was 3 m away from the sampling site (Figure 6.1b). On one side (i.e. leg 
4), the TI was surrounded by 3 detached residential buildings (height ~6 m) whilst the other 
side was bordered by trees (i.e. leg 1); rest of the two sides were having an open ground (Figure 
6.1b). All the 4 legs of the roads were having two-way traffic flow. This TI has a signal cycle 
(i.e. total time of red, yellow and green lights) of around 116 s; length of the red light varied 
from 51 to 82 s on different legs of the TI. 
Three-way TI was located in the city centre of Guildford and has three intersecting 
roads (Figure 6.1c). Legs 1 and 2 represent Onslow Street and were 18 and 21 m wide, 
respectively. Leg 3 represents Woodbridge road and was 12 m wide. Sampling location was 
around 4 m away from the leg 2 in front of St. Savior’s church. On all three sides of the TI, 
either commercial or residential buildings were present; these buildings varied from 6 to 14 m 
in height. All the three roads had two-way traffic flow; the direction of traffic flow is 
represented by arrows in Figure 6.1c. This TI has a signal cycle of around 83 s with the length 
of red light varying from 31 to 68 s on different legs of the TI. 
Average daily traffic flow on different roads intersecting at both of these TIs was 
obtained from 5-minute manual traffic counts every hour. Total traffic volume at a TI was 
estimated by summing the traffic flow on each of the roads intersecting at a TI. Total traffic 
volume (i.e. the sum of traffic on all three legs) and the percentage of heavy-duty vehicles at 
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3-way TI were 64400 veh day–1 and 6%, respectively. The corresponding values at the 4-way 
TI were 60171 veh day–1 and 4%, respectively. Further details of traffic volume are presented 
in Table 6.2. 
Table 6.2. Details of hourly traffic volume in different categories at each of the two TIs. Values 
in parenthesis show percentage of each vehicle category at each of the TI. 
Hour 
4-way TI 3-way TI 
Car 
diesel 
Car 
petrol LGV Bus Truck Bike  
Car 
diesel 
Car 
petrol LGV Bus Truck Bike  
8-9 1970 4186 300 144 48 24 1409 2995 468 156 168 120 
9-10  1551 3297 480 156 156 12 1233 2619 864 192 240 12 
10-11 1075 2285 312 108 48 0 1148 2440 492 204 168 12 
11-12  1240 2636 444 204 60 72 1647 3501 624 204 108 12 
12-13 1087 2309 372 132 60 36 1444 3068 432 264 168 24 
13-14 1523 3237 389 202 64 24 1740 3696 588 156 60 12 
14-15 1275 2709 408 96 48 48 1478 3142 612 156 180 48 
15-16 1540 3272 372 204 24 24 1682 3574 468 120 192 24 
16-17 1897 4031 408 156 36 48 1459 3101 504 264 132 36 
17-18 1693 3599 288 156 84 24 1455 3093 192 276 72 36 
18-19 1467 3117 108 132 12 24 1452 3084 120 84 12 12 
19-20 764 1624 156 48 24 12 1448 3076 60 48 8 12 
Total 17083 36301 4037 1738 664 348 17595 37389 5424 2124 1508 360 
(%) (28%) (60%) (7%) (3%) (1%) (1%) (27%) (58%) (8%) (3%) (2%) (1%) 
 
6.2.2 Study design 
Four different sets of measurements were conducted at the studied TIs. These included 
monitoring at: (i) the corners of the TIs (i.e. ~1.5 m above the road level close to the breathing 
zone; this is referred hereafter as “fixed-site” measurements), (ii) four different heights in 
vertical direction, (iii) five different points away from the centre of TIs, and (iv) a background 
location. Detailed setup of the location of these measurements is shown in Figure 6.1.  
Measurements at the corner of the 4- and 3-way TIs were conducted between 4 
February and 28 April 2015 (from 0800 to 2000 h; local time) and between 22 January and 2 
February 2015 (from 08:00 to18:00 h), respectively. Measurements were made by using 
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DMS50 (see Section 3.2) and a thermally conductive silicone tube of 0.5 m length with an 
internal diameter of 5.5 mm was used.  A total of 4536000 data points of size-resolved PNDs 
were collected during 126 h of fixed-site measurements at both the TIs.  
Vertical profiles were obtained through pseudo-simultaneous measurements of PNDs 
at 4 different heights (i.e. 1, 1.5, 2.5 and 4.7 m) on 2 February 2015 at the 3-way TI while on 
21 and 22 April 2015 at 4-way TI (Figure 6.1b-d). Since health and safety concerns constrained 
us to use a tall mast near the intersections, measurements were carried out at heights of less 
than 6 m. These measurements were conducted by using a DC-powered automated solenoid 
switching system in conjunction with the DMS50. Four different sampling tubes (i.e. tube 1, 
2, 3 and 4) were used to measure PNDs at the respective four heights at both the TIs. The length 
of the tube to measure at the sampling locations z1, z2, z3 and z4 were 0.6, 1.0, 1.5 and 4.17 m, 
respectively. All the four tubes were mounted on a single pole, which was securely fastened to 
the nearby building at the 3-way TI and to the nearby pole of a street light at 4-way TI. A total 
of 480 and 1320 full cycles of measurements were obtained at the 3- and 4-way TIs, 
respectively, giving a total of 1152000 size-resolved PNDs on both the TIs. Particle losses 
(especially for below 20 nm in diameter) in long sampling tube due to their diffusion is an 
important issue and should be taken in consideration for tubes longer than 1 m (Kumar et al., 
2008c). Therefore, the measured data was corrected for particles losses in the sampling tube, 
following the approach described in Kumar et al. (2008a). Corrected values of particle number 
and size distributions were then used in the subsequent analysis at both the TIs. 
Horizontal profiles of PNCs were measured at the legs 3 and 4 of the 4-way TI on two 
days (23 and 27 April 2015) between 0800 and 2000 h. A total of 648000 data points of size-
resolved PNDs were obtained during 18 h of measurements at both the legs of 4-way TI by 
using a setup similar to fixed-site. The high built-up area around the 3-way TI restricted us to 
perform horizontal monitoring at this TI. The reference point of measurement is referred as PR 
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(Figure 6.1e), followed by sampling points, P1, P2, P3 and P4 which were 10, 20, 30, 45 and 60 
m away from the centre of this 4-way TI (Figure 6.1e). PNDs were measured sequentially at a 
frequency of 10 Hz at the sampling points. To acquire a representative data set at each of the 
sampling points, the samples were taken for 11 min in an hour at each sampling point, by 
manually repositioning the location of the instrument. 
Both the studied TIs were far apart and therefore two different approaches were used 
to determine the background PNDs for both the TIs. For the 4-way TI, we firstly monitored 
PNDs continuously between 08:00 and 20:00 h on 17 May 2015 in an open Performing Arts 
Studio field within the University of Surrey at a height of 1.5 m, giving a total of 43200 size-
resolved PND points. This sampling location was about 1.3 km away from the sampling site of 
the 4-way TI in North-East (NE) direction (Figure 6.1a). There were no major roads near the 
background sampling location and this was upwind of sampling locations to present a fairly 
good representation of local background levels of the PNCs. Furthermore, the wind direction, 
speed, temperature and relative humidity on this day was similar to those observed on the day 
of measurements at the 4-way TI. Therefore these background measurements were assumed to 
be representative of the background PNCs for the 4-way TI. Comparison of this background 
and the site data indicated that the total background PNCs were equal to 5th percentile of 1s 
average PNCs of the same day. Following this finding, the background PNCs were estimated 
for the rest of the day at 4-way TI and for whole monitoring duration at 3-way TI. A similar 
approach has been used by previous studies to use 5th percentile of the observed PNCs to 
deduce local background levels (Section 5.2). 
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Figure 6.1. (a) Google map showing the location of background sampling point and the (b) 4- 
and (c) 3-way TIs in Guildford. Sampling points for the: (d) vertical profile measurements at 
both the TIs, and (e) horizontal profile measurements at legs 3 and 4 of the 4-way TI. The 
reference point is marked as PR, which was 10 m away from the centre of the TI. Sampling 
points P1, P2, P3 and P4 on each of the leg were at a distance of 20, 30, 45 and 60 m from the 
centre of the TI, respectively. 
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Figure 6.2 shows the wind rose diagram for the measurements at both the TIs. This 
diagram classified wind direction in eight categories, which were northwest (292.5°-337.5°), 
north (337.5°-22.5°), northeast (22.5°-67.5°), east (E; 67.5°-112.5°), southeast (112.5°-
157.5°), south (157.5°-202.5°), southwest (202.5°-247.5°) and west (247.5°-292.5°). The 
hourly meteorological data (i.e. wind speed, wind direction, temperature and relative humidity) 
during all the measurements were obtained from the nearest meteorological station (i.e. Royal 
Horticulture Society’s garden in Wisley). This station is located about 10 km away from the 
site to the NE of Guildford at a height of 10 m, which offsets the effect of the ground-level 
turbulence, and maintained by the UK Met Office. The meteorological data of this station have 
also been used by other studies carried out in Guildford (e.g. Al-Dabbous and Kumar, 2014). 
Average wind speed, ambient temperature and relative humidity during the 
measurements were 3.0±1.3 m s–1, 9.0±4.8 °C and 52.6±14.6 % at 4-way TI, respectively (see 
Appendix C, Table C1). Corresponding values at 3-way TI were 3.5±1.9 m s–1, 5.3±2.7 °C and 
63.5±7.9 %, respectively. By using the average wind speed at the studied TIs and considering 
moderate incoming solar radiation during the measurements, the atmospheric condition is 
classified as Pasquill stability class B at both the TIs during the measurements (Mohan and 
Siddiqui, 1998).    
Traffic flow videos at the TIs were continuously recorded for the entire monitoring 
period using Panasonic HC-V500 camera. In addition, AQ Mesh was used to measure the 15-
min average concentration of oxides of nitrogen (NOx), carbon monoxide, sulphur dioxide and 
ozone during the entire sampling period. Timestamps of all the instruments were matched in 
the beginning of each experiment. All the collected data were then analysed by Microsoft excel 
with the use of DMS50 data processing tool. 
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Figure 6.2. Windrose diagram for hourly averaged wind speed over the entire sampling 
duration at the (a) 4-way, and (b) 3-way TIs. As noted in the text, wind directions cover 8 
different wind angles. The black continuous lines in the figures indicate the orientation of TIs. 
Values shown against each wind directions in parenthesis are the total frequencies of winds. 
Fixed-site sampling location at the 4-way TI is seen by a star and at the 3-way TI by a triangle; 
sampling locations were in a downwind direction at both the TIs. 
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6.2.3 Fitting of probability function curves 
Statistical distributions depend on a number of factors such as (i) space (i.e. 
monitoring location), (ii) time (i.e. averaging time of the data), and (iii) size range of PNCs. To 
assess the space dependence at TIs, statistical distributions were fitted with two different types 
of TIs (i.e. 3- and 4-way) by using Easyfit software (version 5.6). Time dependence was 
assessed by fitting distributions to 1 s (short-term), 15 min (medium-term average) and 1 h 
(long-term) averaged PNCs at the studied TIs. Dependence on size range was assessed by 
fitting a distribution to three different size ranges (i.e. 5-30, 30-300 and 5-560 nm). Total PNCs 
and N5-560 are used interchangeably and so is the case with the N5-30 (nucleation mode) and N30-
300 (accumulation mode) size ranges throughout the text.  
Statistical distributions were fitted to a total of 18 combinations (i.e. two monitoring 
locations × three different time averages × three different size ranges). After finalising the total 
number of combinations of PNCs, a total of 61 different statistical distributions were tried on 
each of the 18 combinations by using a two-step process: (i) selection of the candidate 
distributions and evaluating these distributions based on goodness-of-fit criteria (Sharma et al., 
2013), and (ii) estimation of their parameters such as shape, scale and location (Jia et al., 2008; 
Sharma et al., 2013). After a thorough visual examination of probability function plots and 
histograms and considering the goodness-of-fit test using Anderson-Darling (A-D) method 
(Sharma et al., 2013), all the 61 distributions were ranked based on the A-D statistics and the 
“best fit” distribution was selected for each of the 18 combinations. The ranking of distributions 
for all the 18 combinations is provided in Appendix C. The A-D test served as the primary 
criterion since it is suitable for fitting distributions in both the middle and upper percentile 
ranges (Sharma et al., 2013). A smaller value of A-D statistics indicate a better probability 
function fits (Jia et al., 2008). In order to identify the type of a distribution that could fit the 
majority of the time-averaged series of PNCs, a common distribution among the top ten ranked 
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distributions was chosen (Appendix C, Table C5,7 and 9 for 3-way TI and C4, 6 and 8 for 4-
way TI). Thereafter the parameters (i.e. shape, location and scale) of the identified “best” and 
“most common” probability functions were estimated based on the method of moments 
(Sharma et al., 2013). 
6.3 Results and discussion 
6.3.1   PNDs and PNCs within breathing zone at the 3- and 4-way TIs  
Figure 6.3a shows the average PNDs at both the 3- and 4-way TIs. PNDs showed 3 
distinct peaks at 5, 10 and 56 nm at both the TIs. Peaks at 5 and 10 nm are attributed to 
nucleation mode particles that are formed due to the condensation of volatile particles and 
gaseous species. The peak at 56 nm is attributed to primary emissions from the combustion of 
fuel in the engine. Intercomparison of the magnitude of PND peaks at 5 and 10 nm at the 4-
way TI shows them to be about 3- and 4-times to those at the 3-way TI as opposed to the peak 
at 56 nm that was almost identical at both the TIs (Figure 6.3a). The measured PND spectrum 
corroborates well to previous studies (Holmes et al., 2005; Wang et al., 2008), reporting similar 
bimodal PNDs in 10-35 nm and 50-80 nm range at 4-way TIs.  
The hourly averaged PNCs at 3- and 4-way TIs were found to be 3.44±0.41 ×104 and 
7.29±2.11 ×104 cm–3, respectively. Studies limited for TIs are as seen from Table 6.3, which 
presents a summary of past studies that have conducted the fixed-site measurements at the TIs. 
It can be clearly seen that our results of 4- and 3-way TIs are within a factor of 2 to those 
compared with the published literature of 4- and 3-way TIs, respectively (Table 6.3). The cross-
comparison of PNCs measured at our TIs show nearly two-fold (i.e. 1.6-times) PNCs at the 4-
way TI than those observed at the 3-way TI (3.44±0.41 ×104 # cm–3) (Figure 6.3b-c). PNCs in 
nucleation mode were 20% higher at 4-way TI as compared to 3-way TI. On the other hand, 
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the concentration of accumulation mode particles was almost similar at both the TIs (Figure 
6.3b). 
 
 
 
Figure 6.3. (a) Average PNDs, (b) percentage fraction of the PNCs in the 5-30, 30-300 and 
300-562 nm size ranges, (c) diurnal variations in PNCs, and (d) diurnal variations in PNCs 
normalised with respect to traffic volume at the studied TIs. Please note that the contribution 
of PNCs in N300-562 range to total PNCs is 0.05% and 0.02% at 3- and 4-way TIs, respectively, 
and therefore not visible in sub-figure (b). 
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Table 6.3. Summary of fixed-site monitoring studies at different TIs. 
Author 
(year) 
City 
(Country) 
Type of a 
TI 
Instrument Sampling 
Frequency 
(Hz) 
Size range 
(nm) 
Average 
PNC 
(×104cm-3)  
Traffic 
Density 
(h–1) 
HDV (%) Months 
Morawska 
et al. (2004) 
Salzburg 
(Austria) 
4-way 
located in 
a street 
canyon 
SMPS 300a 13-830 2.2 3600 20-30% September  
Holmes et 
al. (2005) 
Brisbane 
(Australia
) 
4-way SMPS 120a 9-407 2.6b 200 - 
1920 
20%c January 
Tsang et al. 
(2008) 
MongKok 
of 
Kowloon 
(Hong 
Kong) 
3-way 
located in 
a street 
canyon 
WCPC 1 5-2000 4.5 840 29% July 
Wang et al. 
(2008) 
Texas 
(USA) 
4-way CPC & 
SMPS 
with DMA 
120a 7-290 5.1 10452 -
11897 
4% December-
June 
Fujitani et 
al. (2012) 
Kawasaki 
City 
(Japan) 
4-way SMPS 120 a 8-300 9.1 2167 25% January 
This study Guildford 
(UK) 
4-way DMS50 10 5-560 5.3 5014 4% February-
April 
This study Guildford 
(UK) 
3-way DMS50 10 5-560 3.4 5498 6% January 
Note: aScan time in seconds; bMaximum PNCs; cPercentage of diesel vehicles including cars. 
 
There are a number of factors such as traffic volume, traffic composition, the built-up 
area around a TI, signal cycle length, wind speed and wind direction that would have 
contributed to the differences in the PNCs. One of the major contributors among these factors 
is traffic volume. Therefore, we normalised the PNCs with respect to traffic volume for 
assessing the effect of traffic volume on the normalised PNCs (Figure 6.3d). Even after this 
normalisation, the normalised PNCs at 4-way TI was nearly the same (i.e. 1.6-times higher) to 
those at 3-way TI, suggesting that there are other factors such as the built-up area around a TI, 
traffic signal cycle length, wind speed and direction play a role in producing these PNC 
differences. Built-up the area around the 3-way TI was higher compared with those at 4-way 
TI but the PNCs were still higher at the 4-way TI. These observations indicate that the effect 
of the relatively denser built-up area around the 3-way TI is negated by the other factors such 
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as signal cycle length, wind speed and wind direction. The length of the green phase of the 
signal cycle at 3-way TI was about 1.5-times than that at 4-way TI (30 s), leading to shorter 
delay time at 3-way TI compared with 4-way TI. Since road vehicles are expected to contribute 
relatively more to nucleation mode particles during delay periods compared with their larger-
sized counterparts, a major part of this PNC difference could be attributed to the delay 
conditions at the TIs (Goel and Kumar, 2015a). The rest of the differences could be attributed 
to the predominant wind direction, which was NE at the 4-way TI advecting emissions from 
the legs 1, 2 and 3 of the TI (Figure 6.2a) to the sampling location compared with contribution 
of emissions from one leg (i.e. leg 2) only for 3-way TI, which experienced winds from 
northwest (Figure 6.2b). The wind speed is a remaining factor, which was somewhat similar 
(3.0±0.7 m s-1) at 4-way TI to those found at 3-way TI (3.5±0.3 m s–1) and the differences in 
relative humidity and ambient temperature was also modest during the measurements at the 
two TIs.  
6.3.2 Probability functions of particle number concentrations at intersections 
Probabilistic methods using frequency histogram over point estimates (i.e. average or 
median) are potentially more representative of actual concentrations and their corresponding 
frequency of occurrence (Jia et al., 2008; Sielken Jr and Valdez-Flores, 1999). Based on the 
frequency histograms, hourly averaged PNCs at 3- and 4-way TI for 99% of the total sampling 
duration was found to be less than or equal to 7.59×104 and 1.56×105  cm–3, respectively. 
Similarly, half of the time, hourly averaged PNCs are less than or equal to 3.14×104 and 
4.30×104  cm–3 at 3- and 4-way TIs, respectively.  
Frequency histograms are usually used to assess the rate of violation of pollution 
concentrations against any ambient air quality standards (Sharma et al., 2013). No such 
standards are available in case of PNCs but a value of urban roadside PNCs was indicated by 
Kumar et al. (2014b) as 3.2±1.6 ×104 cm–3, based on the review of numerous studies. 
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Furthermore, the typical on-road PNC concentrations during free-flow driving conditions were 
reported as 6.4±1.9 ×104 cm–3 by Goel and Kumar (2015a). We used these PNCs as a reference 
value to compare with our measured PNCs at the TIs. The hourly averaged PNCs at the 3- and 
4-way TIs were found to exceed the urban roadside PNC values for 43% and 62% of the total 
time, respectively. The hourly averaged PNCs at our 3- and 4-way TIs were found to exceed 
the average on-road PNCs during free-flow traffic conditions for 12% and 38% of the total 
time, respectively. 
Many types of probability functions have been used in the past on air pollution data 
(Burkhardt et al., 1998; Kao and Friedlander, 1995; Mage, 1984; Morel et al., 1999). The types 
of probability functions vary for different time averages, therefore to assess the effect of time 
averages, distribution was fitted to 1 s, 15 min and 1 h averaged total PNCs at the 3- and 4-
way TIs (see Section 6.2.3). Figure 6.4 shows the “best” and the “common” fit distributions on 
the total PNC data for three different averaging periods. Generalised logistic distribution fitted 
“best” the 1 s average PNC at both the TIs and 15 min averaged PNCs at 4-way TI. While 
Weibull distributions fitted “best” the 1 h averaged PNCs at both the TIs and 15 min averaged 
PNCs at 3-way TI (Figure 6.4). Irrespective of a TI type, generalised extreme value (GEV) 
distribution was found to be the “common” fit distribution among the top ten fits at both the 
TIs (Table 6.4). 
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Figure 6.4. Best fit (represented by red curve) and common fit (yellow curve) probability 
distribution  for 1s average at (a) 3- way TI, (b) 4-way TI, 15 min average at (c) 3- way TI, (d) 
4-way TI, 1h average PNCs at (e) 3- way TI, (b) 4-way TI. 
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Table 6.4. Shape, location and scale value of common fit for three different time averages of PNCs (N5-560, N5-30, N30-300) and RDD rate at two 
different types of TIs. 
Parameter Type of the 
TI 
Name of fit Probability function Averaging 
time 
Shape 
(ߦ) Scale  (ߪ) Location (ߤ) 
PNC 
(# cm-3) 
3-way 
Generalised 
extreme value 
Generalised 
extreme value 
1
ߪ
ݐ(ݔ)కାଵ݁ି௧(௫) 
where 
ݐ(ݔ)= (1 + ቀݔ − ߤ
ߪ
ቁߦ)ିଵక       ݂݅ ߦ ≠ 0 
ݐ(ݔ) =  ݁ି(௫ିఓ)ఙ   ݂݅ ߦ = 0 
 
1s 0.1345 18453 25994 
15 min 0.0249 16751 26642 
1h 0.0439 17528 25044 
4-way 1s 0.5649 12064 12370 
15 min 0.1080 26172 34053 
1h 0.0440 29774 34926 
N5-30 
(# cm-3) 
3-way 1s 0.3017 10143 15094 
15 min 0.0448 9609 18979 
1h 0.1936 9199 22037 
4-way 1s 0.7599 11613 11088 
15 min 0.3563 11468 13516 
1h 0.3465 12139 14685 
N30-300 
(# cm-3) 
3-way 
Generalised 
Pareto 
1
ߪ
(1 + ߦݖ)ିଵక  
Where 
ݖ = ݔ − ߤ
ߪ
 
1s 0.5501 33698 -2535 
15 min 0.5965 31087 -1739 
1h 0.7092 32676 -716 
4-way 
Generalised 
extreme value 
 
1
ߪ
ݐ(ݔ)కାଵ݁ି௧(௫) 
where 
ݐ(ݔ)= (1 + ቀݔ − ߤ
ߪ
ቁߦ)ିଵక       ݂݅ ߦ ≠ 0 
ݐ(ݔ) =  ݁ି(௫ିఓ)ఙ   ݂݅ ߦ = 0 
1s 0.5592 4065 6938 
15 min 0.0880 5404 8865 
1h 0.1061 5412 9345 
RDD rate 
(# h-1) 
3-way 1s 0.201 1.57 ×1010 2.47×1010 
15 min 0.077 1.52×1010 2.76×1010 
1h 0.208 1.44×1010 3.27×1010 
4-way 1s 0.731 1.52×1010 1.63×1010 
15 min 0.337 1.49×1010 2.02×1010 
1h 0.332 1.55×1010 2.17×1010 
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Furthermore, different probability functions fit may suit better to nucleation and 
accumulation mode particles. We assessed the variability in the type of “best” and the 
“common” fit probability functions to PNCs in 5-30 and 30-300 nm size ranges, using the 
methodology described in Section 6.2.3. A total of 12 combinations (three time periods × two 
size ranges × 2 types of TIs) were assessed. Out of these 12 combinations, GEV and 
exponential distribution fitted well to 4 and 3 combinations, respectively, whilst five different 
distributions fitted well to rest of the 5 combinations (see Table 6.5). GEV is found to be a 
“common” fit for both size ranges at 4-way TI as well as for the PNCs in 5-30 nm range at 3-
way TI. On the other hand, generalised Pareto distribution is found to be a “common” fit 
probability functions for PNCs in 30-300 range at 3-way TI. Interestingly, 5 out of top 10 best-
fit probability functions were same for different time-averaged of PNCs in 5-30 nm range at 4-
way TI, showing that the negligible impact of the averaging period on underlying distribution 
at this TI. 
Table 6.5.  Best fit distributions for PNCs in 5-30 and 30-300 nm size ranges at 3- and 4-way 
TIs. 
Type of TI Size range Averaging time Best fit 
3-way TI 
PNC in 5-30 nm range 
1 s GEV 
15 min Exponential 
1 h Normal 
4-way TI 
1 s Exponential 
15 min Burr 
1 h Lognormal 
3-way TI 
PNC in 30-300 nm 
range 
1 s Exponential 
15 min Log-Logistic 
1 h GEV 
4-way TI 
1 s Weibull 
15 min GEV 
1 s GEV 
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6.3.3 Vertical variations of PNCs at the TIs 
Following the methodology presented in Section 6.2.2, we plotted the size-resolved 
PNDs measured at 4 different heights at each of the 3- and 4-way TIs to understand their 
vertical variability (Figure 6.5). The PNDs at each height were found to be similar to each other 
with the peaks at 6, 10, 20 and 65 nm at 3-way TI as opposed to 3 peaks at 6, 9, and 27 nm at 
4-way TI (Figure 6.5a-b). Negligible changes in peak values of PNDs indicate that the 
competing influences of transformation processes are usually complete by the time particles 
reached to the monitoring location at both the TIs. Further confirmation comes from normalised 
PND profiles against the corresponding total PNCs, which show perfectly superimposed curves 
at all four heights (see Figure 6.5c-d), indicating dilution as a key process  (Carpentieri and 
Kumar, 2011; Goel and Kumar, 2015a). 
It has been suggested by previous studies (Capannelli et al., 1977; Dabberdt and 
Hoydysh, 1991; Kumar et al., 2008c; Vardoulakis et al., 2007) that the vertical profile of 
gaseous pollutants and PNCs in a street canyon follow an exponential decay profile. To test 
whether a similar variation occurs for the PNCs at different types of TIs, we first applied the 
best fit line to our dimensionless PNC data and against the dimensionless height (z/H) (Figure 
6.5e-f). The best fit line on dimensionless PNCs showed an exponential decrease with height 
at both the TIs, with R2 as 0.99 (4-way) and 0.86 (3-way) TIs (Figure 6.5e-f). This suggests 
that the exponential decay profile also fit well to the TIs (Figure 6.5e-f), irrespective of their 
types, such as the case was with the street canyons for PNCs (Table 6.6).  
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Figure 6.5. PNDs at different sampling heights at (a) 3-way, and (b) 4-way TIs, along with the 
PNDs normalised with respect to total PNCs at (c) 3-way, and (d) at 4-way TIs. Normalised 
profiles of vertical PNCs over the entire sampling period at (e) 3-way, and (f) 4-way TIs. 
Vertical profiles of PNCs in the 5-30, 30-300 and 300-562 nm size ranges at (g) 3-way and (h) 
4-way TIs. Dotted lines show the extrapolated profiles of PNCs on the basis of equations 
derived from Figure 6.5e-f. 
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Table 6.6. Review of studies for vertical concentration profiles of nanoparticles and gaseous 
pollutants. 
Study/ 
authors 
Size range (nm) Location 
 
Measurement 
heights 
Observations on 
vertical profiles 
Imhof et al. 
(2005) 
30-10000 60 m from the 
motorway 
surrounded by land 
of agricultural use 
without 
3.0, 18.0 and 33.0 m Largest PNCs at 3 
m and then 
decreasing with 
increasing height 
Zhu and 
Hinds (2005) 
7-3000 50 m downwind 
from the centre of 
freeway near a 
residential area 
0.6, 3.0, 5.5, 8.0, 
10.4, 12.8, 15.3 and 
17.7 m 
Largest PNCs at 3 
m and then 
decreasing with 
increasing height 
Kumar et al. 
(2008a) 
5-1000  Asymmetric 
street canyon 
0.2, 1.0 and 2.60 m Largest near the 
bottom decreases 
with increasing 
height 
Kumar et al. 
(2008b) 
5-2738  Symmetric 
street canyon 
1.0, 2.3, 4.6 and 7.4 
m 
Smallest at 1.0 m, 
largest at 2.3 m and 
then decreases with 
increasing height 
He and 
Dhaniyala 
(2012) 
> 2.5 Highway with no 
buildings and tree 
0.6, 2.0, 2.7, 3.4, 
4.1, 4.9, 6.3, 7.7 and 
9.1 m 
Smallest at 0.6 m 
and largest PNCs at 
3.4 m and then 
decreasing with 
increasing height 
Nakashima et 
al. (2014) 
250-3000 3-way TI with tall 
buildings 
(6-12 stories) 
located alongside 
all roads near to the 
0.3, 0.5, 1, 1.5 and 2 
m 
Largest PNCs at 
0.3 m and then 
decreasing 
exponentially with 
increasing height 
Present study 5-560 3-way TI with 
buildings 
(2-4 stories) 
located alongside 
all roads near to the 
1, 1.5, 2.5 and 4.7 m Largest PNCs at 1 
m and then 
decreasing with 
increasing height 
Present study 5-560 4-way TI with 3 2 
stories houses 
located on one side 
1, 1.5, 2.5 and 4.7 m Smallest PNCs at 1 
and largest at 2.5 m 
and then decreasing 
with increasing 
height 
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Fitted exponential profiles are expressed in the form of Eq. (6.1) that was given by 
Kumar et al. (2008c) for street canyons.  
(ܥ௓ − ܥ௕) (ܥ௢ − ܥ௕)൘ = ݁ݔ݌ ൬−݇ ቀ௓ுቁ൰ = exp(−݇ଵݖ)                             (6.1) 
Where Cz and Cb are the PNCs at any height z and background, respectively; C0 is the 
PNC at the lowest (i.e. at 1.0 m) sampling point. H is the height of the highest building around 
a TI and it is 6 and 14 m for 4-way and 3-way TI, respectively; k/H (=k1) is the exponential 
decay coefficient in m−1 and k1 is inverse of the characteristic dispersion height which 
corresponds the height above the road level at which dimensionless concentration is e−1 = 0.37 
(Kumar et al., 2008d).  
By applying Eq. (6.1) at two different types of TIs, k1 is found to be 0.66 and 2.12 m-
1 at 3- and 4-way TIs, respectively. This indicates that the characteristic dispersion height above 
the lowest sampling point at 3-way TI is 3.2-times of those at 4-way TI. These observations 
also suggest that the flow is restricted at the 3-way TI due to the surrounding built-up area, 
resulting in a build-up of PNCs to a greater height compared with 4-way TI. 
Figures 6.5g-h show vertical profiles of size-resolved PNCs at both the TIs. These 
figures also show a similar decaying trend at both the TIs between 1.5 and 4.7 m. At the lower 
heights, there was a contrasting trend (i.e. an increase in PNCs at the 3-way TI as opposed to a 
decrease in PNCs at the 4-way TI from 1.5 to 1 m height). Given that the height (~0.70 m) of 
the tailpipes of heavy-duty vehicles was close to the sampling height at 1 m, an increase in 
PNCs towards the lowest height at the 3-way TI could possibly be explained by 2% higher 
volume of heavy-duty vehicles at this TI than those at 4-way TI.  
Table 6.6 shows the summary of the studies that have measured vertical profiles of 
PNCs in the roadside environments. Taking together the measured profiles and those 
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summarised in Table 6.6, vertical profile at 3-way TI is similar to those observed in asymmetric 
street canyons (Kumar et al., 2008c) whilst the profile at 4-way TI is similar to those observed 
near freeway (Zhu and Hinds, 2005), motorway (He and Dhaniyala, 2012; Imhof et al., 2005) 
and in symmetric street canyons (Kumar et al., 2008d).  
In terms of vertical decay, PNCs decreased by 10, 5 and 15% at 1.5, 2.5 and 4.7 m, 
respectively, compared to those at 1 m (i.e. where largest PNCs were observed) at 3-way TI.  
PNCs increased by 15 and 13% at the heights 1.5 and 2.5 m, respectively, and decreased by 
40% at 4.7 m, compared with those at 1 m at 4-way TI. This indicates that the people residing 
at upper heights (i.e. 4.7 m) close to the 4-way TI will have almost half (i.e. 40%) of the 
exposure to PNCs as compared to those at ground floor (i.e. 1 m). While only 15% reduction 
in exposure to PNCs with height (i.e. from 1 m to 4.7 m) was observed in the case of 3-way TI. 
6.3.4 Horizontal variations of PNCs along the TIs 
To analyse the horizontal variation in the PNCs, measurements were carried out at 
five different distances from the centre of the TI on two different legs (3 and 4) of the 4-way 
TI were monitored (Figure 6.1f). Figures 6.6a-b show the PNDs at five different points (i.e. PR, 
P1, P2, P3 and P4 at 10, 20, 30, 45 and 60 m away from the centre of the TI, respectively) on 
legs 3 and 4 of the 4-way TI, respectively. The PND remains consistent in their shape for all 
the points, except P2, on both the legs and show a general decay pattern with increasing distance 
from the centre of the TI. At the point P2, PND with 3 peaks in nucleation mode (5.6, 15 and 
24 nm) and one peak in accumulation mode (65-100 nm) is similar to PNDs reported by Goel 
and Kumar (2015a) during acceleration of the experimental car. Since P2 is near to stop line 
(i.e. where the vehicle stops when signal light turns to red) on both the legs, this PND pattern 
could be attributed to an acceleration of vehicles after the signal turns from red to green.  
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Figure 6.6. PNDs at different distances (10, 20, 30, 45 and 60 m) away from the centre of a 4-
way TI on (a) leg 3, (b) on leg 4. Horizontal decay profile of PNCs (c) at leg 3, (d) at leg 4. 
Detailed schematic showing contribution of fresh exhaust and aged emissions on various points 
at (e) leg 3 and (f) leg 4 of a 4-way TI. 
 
Horizontal profiles of PNC at legs 3 and 4 of the 4-way TI are shown in Figure 6.6c-
d. An exponential decay of PNCs is found with increasing distance from the centre of a TI at 
both the legs of the studied TI (Figure 6.6c-d). However, the rate of decay indicated by the 
slope of the curve is about 2-times, higher on leg 3 (i.e. slope = 0.03) as compared to leg 4 (i.e. 
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slope = 0.01). This can be explained on the basis of predominant wind direction during the 
measurements at these two different legs of the TI (Figure 6.6e-f). There are two components 
of wind acting at each of the five sampling points on both the legs: (i) parallel to the traffic 
flow, and (ii) perpendicular to traffic flow (Figure 6.6e-f). Parallel component of wind will 
always transport exhaust particles from one point to another. On the other hand, the 
perpendicular component of wind can bring fresh exhaust emissions either away or towards 
the sampling point, depending on the wind direction. At leg 4, ucosφ represents a perpendicular 
component of the wind that brought the traffic exhaust emissions towards the sampling point 
(Figure 6.6f). While at leg 3, usinφ is the perpendicular component of the wind, which 
transports traffic exhaust emissions away from the sampling points (Figure 6.6e). Therefore 
the difference in PNCs at any two points, and hence the slope of decay profile, is expected to 
be larger at leg 3 compared with leg 4, mainly because only exhaust emissions transported by 
a parallel component of the wind are contributing to PNCs at each of the five sampling points 
on leg 3. This observation is further supported by higher percentage (13, 14, 25, 27 and 46% 
at PR, P1, P2, P3 and P4, respectively) of accumulation mode (i.e. particles in the 30-300 nm size 
range) particles at various points on leg 3 compared with leg 4 (14, 13, 12, 20 and 18% at PR, 
P1, P2, P3 and P4, respectively). As for the comparison with the literature, we could only locate 
one study by Kim et al. (2013) that measured horizontal profiles of particles below 100 nm at 
5, 30 and 80 m away from the centre of a 3-way TI in Tokyo (Japan), which was surrounded 
by buildings. They found that the organic carbon in particles decays exponentially with 
increasing distance from the TI. The slope of their exponential decay was 0.02, which is 
reasonably well within a factor of 2 to those observed in our study at 4-way TI. 
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6.3.5 Estimation of size-dependent PNEF for different driving conditions at the TIs 
PNEFs present a functional relationship between particle number emissions and the 
activities that generate emissions (Goel and Kumar, 2014). Therefore, PNEFs are one of the 
most important input parameters for computing nanoparticle emissions and carrying out 
reliable dispersion modelling. There are several studies that have measured PNEFs either in 
the laboratory or estimated using inverse modelling technique for highway, tunnel environment 
or on the rural motorway. Review of these studies can be seen in Kumar et al. (2011b). Based 
on the review, Kumar et al., 2011b reported that PNEFs of the mixed vehicle fleet is in the 
range of 2.15-5.20, 0.31-2.7 and 0.23-2.8 ×1014 veh–1 km–1 on highways, tunnels and 
motorways, respectively. However, such information for TIs rarely exists. Keeping this in 
mind, we estimated size-dependent PNEFs for congested and free flow driving conditions at 
two different types of TIs using the methodology explained in Section 3.3.5 and results are 
summarised in Table 6.7.  
The PNEFs at 3- and 4-way TIs during congested conditions are found to be 6.41±3.32 
×1014 and 7.69±10.90 ×1014 veh–1 km–1, respectively (Table 6.7). A few studies (Gramotnev et 
al., 2003; Kumar et al., 2008a; Morawska et al., 2005) representing congested traffic driving 
conditions (i.e. traffic driving speed of <30 km h–1) are selected from the literature for 
comparison with our results (Table 6.8). For example, Gramotnev et al. (2003) estimated 
PNEFs of 4.05×1014 veh−1 km−1 for a motorway in Brisbane for start and stop traffic conditions 
of mixed traffic fleet. Later, Morawska et al. (2005) estimated PNEF of 5.67±2.80 ×1013 veh−1 
km−1 for a busy street canyon in Brisbane (Australia) for start and stop traffic conditions for a 
mixed traffic fleet (20% heavy-duty vehicles). Further, Kumar et al. (2008c) estimated PNEF 
in the range of 1.43-2.63 ×1014 veh−1 km−1 for a street canyon in Cambridge (UK) for a mixed 
traffic fleet (2% heavy-duty vehicles) and traffic speed about 30 km h−1. Our average PNEFs 
at 3- and 4-way TIs were found to be within a factor of 3 to those reported in above-mentioned 
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studies (Table 6.8), except Morawska et al. (2005) where our PNEFs for both TI are over a 
magnitude higher than those reported in Morawska et al. (2005). There could be two possible 
reasons for this difference. Firstly, about 28% of the fleet consisted of diesel cars in our study 
as opposed to a negligible number of diesel-fuelled passengers cars in their study. Secondly, 
Morawska et al. (2005) used 15-700 nm size range to estimate their PNEFs. Based on our 
measurements, PNCs in 5-15 nm size ranges accounted for 48% and 69% of total PNCs at 3- 
and 4-way TIs (Figure 6.3a). Fleet characteristics, their maintenance and inspection policies 
vary in different European countries, leading to differences in the PNEFs.  
Frequent changes in traffic driving conditions are one of the main reasons of high 
PNEF during congested driving conditions at TIs that those during the free flow conditions 
(Goel and Kumar, 2014, 2015a). A comparison has been made between PNEFs during 
congested and free flow (i.e. during green traffic lights) conditions at TIs (Table 6.7). It is found 
that PNEF during congested driving conditions at TIs can be up to 10-times of those during 
free flow conditions. This is in line with the findings of Jayaratne et al. (2010) that found up to 
an order of magnitude higher particle number emissions during acceleration compared with 
free flow driving conditions from diesel and compressed natural gas buses.  
The above discussions clearly show that the PNEFs during congested conditions are 
over a magnitude higher than those during free flow conditions at the TIs. Inadequate treatment 
of the effect of driving conditions on particle number emissions can result in inaccurate 
estimation of PNCs at the TIs. 
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Table 6.7. Summary of the estimated PNEF at the studied TIs. Please note that PNEFs during 
free-flow conditions are average emission factors for ten different TIs, which are estimated 
based on the findings of mobile measurements (see Chapter 4). 
 
 
Table 6.8. Published PNEFs from on-road studies during last decade. 
Study Vehicle type Range (nm) PNEF±ߪ (# km-1 
veh-1)× 1014 
Environment 
Gramotnev et al. 
(2003) 
Total traffic = 2928 
vehicles h–1 15-700 4.05 
Motorway for start and 
stop traffic conditions 
Morawska et al. 
(2005) The share of HDV = 15% 15-700 0.57± 0.28 
Busy street canyon for 
start and stop traffic 
conditions 
Kumar et al. 
(2008a) 
Total traffic = 1566 
vehicles h–1 
the share of HDV = 2% 5-1000 1.43-2.63 
Street canyon having 
traffic with traffic 
speed of 30 km h–1 
Present study 
Total traffic = 5014 
vehicles h–1 
the share of HDV = 4% 5-562 7.69±10.9 4-way TI 
Present study 
Total traffic =  5498 
vehicles h–1 
the share of HDV = 6.3% 5-562 6.41±3.32 3-way TI 
 
 
TI type Congested = Free flow + stop and go Free flow Ratio of total 
PNEF at 
TI/PNEF Free 
flow 
PNEFtotal 
 (# veh–1 
km–1)× 
1014 
 
PNEF5-30 
(#  veh–1 
km–1)× 
1014 
 
PNEF30-300 
(#  veh–1 
km–1)× 
1014 
PNEF300-562 
(#  veh–1 
km–1)× 1011 
PNEFtotal (#  
veh–1 km–
1)× 1014 
3-way TI 
6.41±3.32 4.45±2.61 1.96±0.94 1.48±2.40 0.74±0.60 9 
Leg 1 of 3-
way TI 
6.63±5.01 4.15±4.75 2.48±0.61 5.22±8.57 0.74±0.60 9 
Leg 2 of 3-
way TI 
6.60±2.75 4.74±1.93 1.85±0.84 0.75±1.21 0.74±0.60 9 
4-way TI 
7.69±10.9 6.05±9.60 1.64±1.74 2.00±3.68 0.74±0.60 10 
Leg 1 of 4-
way TI 
2.49±2.22 1.88±1.99 0.61±0.36 0.48±0.58 0.74±0.60 3 
Leg 2 of 4-
way TI 
6.61±2.96 4.75±2.45 1.86±0.65 0.83±0.27 0.74±0.60 9 
Leg 4 of 4-
way TI 
6.56±6.46 5.40±5.45 1.16±1.06 0.23±0.19 0.74±0.60 9 
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6.4 Summary and conclusions 
We measured the size-resolved PNCs in the 5-560 nm size range at the 3- and 4-way 
TIs. The aims were to assess vertical and horizontal variations of PNCs, and estimate PNEFs 
at two different types of TIs.  Probability functions were fitted to PNC and RDD data using a 
statistical distribution fitting tool (Easyfit) in order to understand the range of exposure doses 
at different types of TIs. Based on the ranking of fitted distributions, the “best” and “common” 
fit probability functions were identified at both the TIs. Pseudo-simultaneous measurements 
using a custom-built solenoid system with the DMS50 were made to measure vertical profiles 
at 4 different heights at both the TIs. Horizontal profiles were drawn by measuring PNCs at 4 
different points in a sequential manner on two perpendicular legs of 4-way TI.  
The following conclusions are drawn: 
 Irrespective of any type of a TI, daily averaged PNDs were found to be trimodal in 
shape with peaks at 5.6, 10 and 56 nm. The magnitude of peaks at 5.6 and 10 nm were 
found to be 2.7- and 3.6-times larger at the 4-way TI compared with 3-way TI. Despite 
the relatively higher traffic volume at the 3-way TI, average PNCs at 4-way TI were 
found to be about twice to those observed at the 3-way TI, showing the dominating 
impact of signal cycle length (i.e. delay time) on the PNCs at a TI. 
 Irrespective of any type of a TI, similar shape of PNDs were observed at all the 4 
different heights corroborating with our previous findings in the context of street 
canyons (Kumar et al., 2008a) that the competing influences of transformation 
processes are generally over by the time plume reach to vertically placed sampling 
points. At both the TIs, vertical profiles of PNCs followed an exponential decay, with 
a much sharper decay at the 4-way TI compared with 3-way TI. 
 Horizontal profiles also exhibited an exponential decay profile of the PNCs with the 
increasing distance from the centre of a TI at both the legs of a 4-way TI. The slope of 
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horizontal decay was flatter than that seen in the case of vertical profiles, indicating that 
PNC decay is up to 132-times faster in vertical direction compared with the horizontal 
direction. This decay is mainly due to measurements were taken in the close vicinity of 
sources in the horizontal direction. 
 The average PNEF at the 4-way TI was found to be 20% higher than those at the 3-way 
TI. Frequent changes in traffic driving condition are one of the main reasons of higher 
PNEFs during congestion compared with free flow conditions at TIs. We found up to 
an order of magnitude higher PNEFs during congested conditions at TIs compared with 
those estimated for free flow conditions. Consideration of the effect of driving condition 
on the PNEFs has implications for dispersion modelling of PNCs at the TIs since 
neglecting the effect of congestion can result in underestimation of PNCs and associated 
exposure at the TIs. 
The vertical and horizontal profiles, as well as the PNEFs derived during the 
congested traffic conditions at the TIs, could be useful to dispersion models for the TIs, which 
can help in accurately estimating the PNCs and hence people’s exposure at the TIs. This 
Chapter presented the results of fixed site monitoring for PNCs and similar results for PMCs 
are presented in Chapter 7. 
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Chapter 7  
MOBILE AND FIXED SITE MEASUREMENTS FOR 
PARTICLE MASS CONCENTRATIONS 
This chapter presents the results of mobile and fixed-site measurements carried out as a part 
of experimental campaign 1 and 2 for particulate matter. The aims were to assess the effect of 
different ventilation settings on in-vehicle PMCs and their comparison during the delay 
conditions at the TIs with those experienced by pedestrians while crossing these TIs. We also 
estimated ZoI for PM10, PM2.5 and PM1 under different driving conditions and fitted probability 
distribution functions to fixed-site data to understand the concentration dynamics of coarse 
and fine particles around the studied (3- and 4-way) TIs.  The chapter ends with a summary 
and this work appeared in Kumar and Goel (2016).   
 
7.1 Introduction 
The WHO has placed outdoor air pollution among the top ten health risks faced by 
human beings, linking with seven million premature deaths every year (WHO, 2014). 
Epidemiological studies have provided real-world evidence of associations between 
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concentrations of airborne PM and adverse health outcomes such as respiratory and 
cardiovascular diseases (Brook et al., 2010). In the year 2013, about 61% and 87% of urban 
population in the EU was exposed to PM10 and PM2.5 concentrations exceeding the daily limit 
imposed by the WHO for outdoor air pollution (EEA, 2015). This study also linked PM2.5 
exposure to 403,000 premature deaths in 2012 in EU (EEA, 2015). As explained in Section 
4.1, TIs are known as pollution hotspots but studies focusing on understanding the 
concentration dynamics of coarse (PM2.5-10) and fine (PM2.5) particles at and around such TIs 
are yet limited and therefore taken as a focus in this Chapter. 
Travelling time has increased over the years in the UK and elsewhere,(Transportation, 
2011) indicating a growing need for accurate exposure assessment during daily commuting. 
For example, the UK population spent about an hour each day in vehicles during commuting 
in 2013; the average trip time during the year 2013 has increased by 16% from the levels of 
20.4 min in 1995/1997 (Transport, 2011). Section 4.3.7 has shown that in some cases as low 
as 2% of the commuting time spent at TIs could contribute as high as 25% of the total 
commuting exposure to PNCs. A similar contribution of exposure during commuting can be 
expected for PMCs but are currently unavailable. 
As summarised in Table 7.1, a number of commuting exposure assessment studies 
have become available in recent years but similar studies focusing at TIs are still limited. 
Furthermore, as explained in Section 5.1, pollutant concentration in ZoI can be many times 
higher compared with the rest of the route. Studies assessing the ZoI for PM are currently 
unavailable and hence are estimated in this Chapter for PM10, PM2.5 and PM1 under diverse 
driving conditions at the TIs. 
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Table 7.1. Summary of studies on in-cabin PMCs under different ventilation settings. 
Study Equivalent 
ventilation 
setting 
Instrument City Vehicle Environment 
types 
Parameter PMC (µg m–3) 
Int Panis et al., 
(2010) 
Set2 TSI Dustrack 
8520 
Brussels Citroën 
Jumpy(2007) 
Urban area PM10 21.15±4.67a 
University town PM10 17.05±6.72 a 
Rural area PM10 16.45±2.62 a 
Weichenthal et 
al., (2015) 
Set2 TSI Dustrack 
8520 
Toronto Chevrolet grand 
caravans,  2009-2012 
City PM2.5 6.60 (4.68-15.9) b 
Vancouver PM2.5 6.01 (1.37-10.7) b 
Montreal PM2.5 13.6 (4.28-33.3) b 
Suarez et al., 
(2014) 
Set2 Dust-Track II, 
8532 
Santiago Toyota Yaris (model: 
2006), Subaru Forester 
(2000), and Subary 
Legacy (2005) City PM2.5 46.5±20.5 a 
Geiss et al., 
(2010) 
Set2 GRIMM 1.108 Ispra 18 private cars Town PM10 48.6(0.9-332.3) b 
PM2.5 26.9 (0.9-94.4) b 
PM1 22.6 (0.8-82.9) b 
Gulliver and 
Briggs, (2004) 
Set5 OSIRIS Northampton Ford Fiesta (1995) City PM10 43±23 a 
PM2.5 16±16 a 
PM1 7±10 a 
Knibbs and de 
Dear, (2010) 
Set2 TSI Dustrack 
8520 
Sydney Mitsubishi Magna (1998) City PM2.5 27.30 
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Table 7.2.  Summary of a relevant literature review on fixed-site measurements of PMCs at the TIs. 
 
Study Instrument Season Type of 
TI 
Distance 
from the TI 
(m) 
Height of 
measurement 
(m) 
City  
(Country) 
PM10 
(µg m–3) 
PM2.5 
(µg m–3) 
PM 1 
(µg m–3) 
Kaur et al., 
(2005) 
HFPS Spring 4-way  3 1.5 London 
 (UK) 
- 27.5 - 
He et al., 
(2009) 
Fluke 983 - - 3 0.3 Mong Kok  
(Hong Kong) 
130 - - 
Strak et al., 
(2011) 
HI - - 9 - Amsterdam 
(Netherlands) 
48 27 - 
Friend et 
al., (2013) 
TEOM Summer  5-10 2-3 Brisbane 
(Australia) 
30.7 - - 
This study GRIMM  
( 1.107) 
Winter 3-way 3 1.5 Guildford 
 (UK) 
39±24 24±20 20±20 
This study GRIMM 
(1.107) 
Winter 4-way 3 1.5 Guildford  
(UK) 
32±20 19±11 15±10 
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Some studies have focused on in-vehicle exposure (Table 7.1) and fixed-site 
measurements of PM (Table 7.2) but the studies covering diverse ventilation settings are yet 
limited. In this Chapter, we have compared the pedestrian exposure with in-vehicle exposure 
under five different ventilation settings. Such comparisons are important for understanding 
human exposure at these pollution hotspots and identify the driving and ventilation conditions, 
which are favourable to reduce the exposure of in-vehicle and passers-by at the TIs.  
Fitting of probability distribution function (pdf ) to pollutant concentration data allow 
the assessment of frequency ranges of concentrations experienced by urban dwellers (USEPA, 
1992) besides assisting in evaluation of policies and emission intervention measures 
(Batterman and Hatzivasilis, 2007; Jia et al., 2008; Loh et al., 2007). A number of past studies 
have fitted pdf to air pollution data and details about these studies can be seen elsewhere (Goel 
and Kumar, 2016a; Sharma et al., 2013). However, there are hardly any studies that have 
attempted to fit pdf to the different PM types at the TIs, which is one of the aims of this Chapter. 
In summary, this Chapter addresses various poorly understood questions: (i) what is 
the effect of different ventilation settings on in-vehicle PMCs on the overall route?, (ii) how 
does the concentration and exposure level vary during congested traffic conditions at the TIs 
compared with free-flow traffic conditions on the rest of the route?, (iii) how does the length 
of the ZoI vary at different types of TIs under stop and go driving conditions? And (iv) what is 
the distribution of different PM types (PM10, PM2.5 and PM1)? 
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7.2 Materials and methods 
The PMD measurements in 0.25-34 µm size range were made during the mobile 
campaign (described in Section 4.2 and 5.2) and fixed-site campaign (described in Section 6.2) 
by using GRIMM spectrometer (model 1.107E) at a sampling rate of 6s. Working principle of 
the instrument is explained in the Section 3.2.2. To ensure the quality of the collected data, 
firstly the instrument was calibrated in a three-step process by the manufacturer prior to on-site 
measurements. Secondly, we carried out on-site calibration by weighing (µg) the PTFE filters 
that collected particle mass during the on-site measurements and compared these mass with the 
data of PM mass produced by the instrument (Azarmi and Kumar, 2016). Results of this 
comparison showed about 6% difference between the PMC estimated based on mass collected 
on a filter and the PMC given by the instrument and were therefore considered reliable. This 
instrument was successfully deployed in previous studies during mobile (Azarmi and Kumar, 
2016) and indoor measurements, (Azarmi et al., 2014 and 2015).  Position and speed of the 
vehicle during the mobile measurements were continuously recorded every second using a GPS 
(Garmin Oregon 350). Panasonic HC-V500 camera was used to take traffic videos at the time 
of mobile and fixed-site measurements. Timestamps of all the instruments were matched in the 
beginning of the experiment to maintain the same starting time for collected data.  
As described in Section 4.2, mobile measurements were conducted for five different 
ventilation settings. The fixed-site measurements were conducted at: (i) the corners of the TIs 
(i.e. ~1.5 m above the road level close to the breathing zone; these measurements are referred 
as “fixed-site” measurements), (ii) at five different points (i.e. at 10, 20, 30, 45 and 60 m) away 
from the centre of TIs for the assessment of “horizontal decay profiles”. The background 
concentration changes from location to location depending on the sources and dispersion 
conditions, as shown by the various background concentration maps by DEFRA (DEFRA, 
2014). Following the approach used in Chapter 5, the local background PMCs for each run 
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during the mobile measurements were estimated by taking a 5th percentile value of 30 s rolling 
average of the 6s concentration time series (Hudda et al., 2014). This methodology was adopted 
to smooth the data and to exclude the impact of microscale variations on traffic emitted PM. 
The estimated values of background PM10, PM2.5 and PM1 during each of the five ventilation 
settings are provided in Table 7.3. 
Table 7.3. Average local background PMCs (µg m–3) of PM10, PM2.5 and PM1 along with 
standard deviation (࣌) during the different ventilation settings. These are estimated based on 
5th percentile value of 30 s rolling average of the 6s PM concentration time series. 
 
 
 
 
 
 
 
 
 
 
 
 
For fixed-site measurements, local background PMCs were derived by using two 
different approaches. For the 4-way TI, firstly PMCs were monitored at an upwind background 
location. Given the identical meteorological conditions during the background and on-site 
measurements, the background measurements were assumed to be representative of the 
background PMCs for the 4-way TI on 28th April 2015. Comparison of measured background 
and the estimated background using the on-site data indicated that the total background PMCs 
were equal to 5th percentile of 6s average PMC measured at the 4-way TI. Following this 
observation and the approach, the background PMCs were estimated for the rest of the days at 
4-way TI as well as at 3-way TI. Average background PM10, PM2.5 and PM1 concentrations 
Monitoring 
type 
 Ventilation 
settings /  
Types of TI 
PM10 
(Average±ߪ ) 
PM2.5 
(Average±ߪ ) 
PM1 
(Average±ߪ ) 
Mobile 
monitoring 
Set1 28±6 16±2 11±2 
Set2 16±3 9±3 7±2 
Set3 10±5 8±4 7±4 
Set4 21±10 7±3 5±2 
Set5 25±10 11±7 8±5 
Fixed-site 
monitoring 
3-way 22±21 16±15 13±15 
4-way 16±10 11±6 8±6 
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were found to be 22±21, 16±15 and 13±15 µg m–3 at 3-way TI, respectively. The corresponding 
values at 4-way TI were 16±10, 11±6 and 8±6 µg m–3, respectively. The estimated background 
values compare well with the urban background studies elsewhere. For example, the estimates 
of DEFRA suggest urban background PM2.5 concentration in the southern UK to be about 17 
µg m-3 during the winter season (DEFRA, 2016). 
7.3 Results and discussion 
The size of particles is an important parameter to determine their sources and 
behaviour in the respiratory system. Therefore, measured PMCs have been divided into three 
size ranges (PM10, PM2.5 and PM1) for discussion.  
7.3.1 On-road PMCs 
As discussed in Section 7.2, on-road PMCs were measured inside the cabin with 
windows fully open (i.e. Set1). Since contribution to coarse (PM2.5-10) and fine (PM2.5) particles 
come from different sources, we discussed the obtained PMCs in these two different fractions 
(Figure 7.1a). Coarse particles are usually dominated by the non-exhaust sources such as road 
abrasion, brake and tyre wear while fine particles mainly due to fuel combustion in engines. 
The on-road concentration of coarse particles during the evening runs (33±9 µg m–3) were 
found to be about twice to those during morning runs (16±4 µg m–3); no such differences were 
observed for fine particles (Figure 7.1a). This can be explained due to higher fugitive dust 
emissions during the evening (Kuhlbusch et al., 1998). These higher fugitive dust emissions 
can be expected during the evening hours compared with those during the morning hours due 
to a higher surface temperature of the road and a lesser surface moisture content. The fraction 
of coarse particles, after subtracting the background, during the morning (69±6%) and evening 
(77±5%) hours dominated the total PMCs. These observations suggest that on-road coarse 
particles are principally affected by non-exhaust emissions during different hours in a day.  
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For comparison with the literature, we have estimated average on-road PM10, PM2.5 
and PM1 concentrations that were found to be 44, 21 and 14 µg m–3, respectively (Table 7.4). 
A study by Chan et al., 2002 was located for comparison where they measured PM10 (140 µg 
m–3) and PM2.5 (106 µg m–3) concentrations inside the car in Guangzhou (China) with the 
windows fully open, using a TSI Dustrak 8520 model. The average PM10 and PM2.5 
concentrations reported by Chan et al., 2002 were about 3- and 5-times higher than those 
observed in our study, respectively. Previous studies have reported about 1.8-times higher 
concentrations of PM2.5 by TSI instrument compared with the GRIMM, contributing to some 
of the observed differences (Cheng, 2008). The remaining differences can possibly be 
explained by 3.5- and 4.5-times higher background PM10 (97±26 µg m–3) and PM2.5 (72±190 
µg m–3) concentrations in Chinese cities (Wang et al., 2012) compared with those estimated in 
our case (i.e. 28±6 and 16±2 µg m–3 of PM10, and PM2.5, respectively). 
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Figure 7.1. In–cabin PMCs (PM2.5-10 and PM2.5) in two different fractions during (a) Set1, (b) 
Set2, (c) Set3, (d) Set4 and (e) Set5. Please note that runs taken during morning hours are marked 
in red colour. For the sake of clarity, only positive standard deviations are shown.  
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Table 7.4. Average concentrations with and without background corrections of PM10, PM2.5 
and PM1 under five different ventilation settings along with mass median diameter (MMD) and 
air exchange rate (AER) inside the car cabin.   
 
7.3.2 In-cabin PMC 
Figures 7.1b-d show the run-wise average of coarse and fine particles for in-cabin 
PMCs during four different ventilation settings (Set2-Set5). Contrary to Set1, the concentration 
of coarse particles in Set2 (which represents heating at 50% and fan at 25% on) during morning 
runs were found to be twice of those during evening runs (12±4 µg m-3). No such variations 
were observed between the morning and evening runs for coarse or fine particles during the 
rest of settings (Figure 7.1b-d). The fraction of coarse particles constituted most of the PMCs 
in Set2 (57%), Set4 (76%) and Set5 (69%), except Set3 where fine particles dominated the PMC 
with the contribution of ~53% (Table 7.4). The higher fraction of fine particles during Set3 
could be due to higher AER since the infiltration of outside air with exhaust particles are 
expected to increase with the increase in AER (Hudda et al., 2011). This observation is 
substantiated by a strong positive exponential correlation (R2 = 0.95) between AER and fraction 
of fine particles for all settings as opposed to a negative exponential correlation (R2 = 0.95) 
with coarse particles (Figure 7.2). This positive correlation between AER and fine particles 
Ventilation 
settings 
PM10  (Average±ߪ) 
(µg m–3) 
PM2.5 (Average±ߪ) 
(µg m–3)  
PM1 (Average±ߪ) 
(µg m–3) 
AER 
 (m3 h–1) 
Without 
background 
correction  
With 
background 
correction 
Without 
background 
correction  
With 
background 
correction 
Without 
background 
correction  
With 
background 
correction 
Set1 44±13 16±7 21±4 5±2 14±3 3±1 - 
Set2 31±8 15±5 13±5 4±2 9±4 2±2 125 
Set3 23±7 13±2 12±4 4±1 11±4 4±0 257 
Set4 38±12 17±2 9±3 2±1 5±2 0 16 
Set5 45±14 20±4 14±7 3±0 9±5 1±0 17 
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also suggests that the filters of ventilation system are more efficient in removing coarse 
particles, compared with fine particles, from the incoming outside air. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2. Correlation between AER and percentage contribution of the coarse (PM2.5-10) and 
fine (PM2.5) particles to total PMCs during different ventilation settings.  
 
The average in-cabin PM10 concentration during Set2, Set3, Set4 and Set5, are given in 
Table 7.4. PM10 during Set2 (Table 7.4) were within a factor of 2 to those reported by Int Panis 
et al., (2010) for Brussels (Belgium) and Geiss et al., (2010) for Ispra (Italy). This was 
presumably due to the effect of traffic volume (98753 veh day-1) in our study that was 1.9-
times to those in Int Panis et al., 2010 with about 38% less vehicle speed than that in our case 
(21 km h–1). No such data on traffic volume and driving speed were available for comparison 
with the work of Geiss et al., 2010. Our PM10 during Set5 (windows closed, fan and heating 
off; 45±14 µg m–3) compared well with those measured (43±23 µg m–3) by Gulliver and Briggs 
(2004) in Northampton, UK (Table 7.1). This similarity can be expected given that both these 
studies were carried out in a typical UK town during the winter season and the route selected 
in both the studies was heavily trafficked with frequent queuing and congestion.  
The average PM10 after subtracting the background was found to be the highest during 
Set5 and the lowest during the Set3 (Table 7.4). The possible explanation for this could be 
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different AERs during these settings. A strong negative linear correlation (R2 ≈ 0.94) between 
AER and PM10 during different ventilation settings suggest that there will be a decrease in 
dilution (and hence an increase in PM10) with the decrease in AER. Interestingly, the 
relationship between AER and PM10 concentration is opposite to what is usually observed 
between AER and airborne nanoparticles (Goel and Kumar, 2015a) that are represented by  
PNCs. This indicates that coarse particles and nanoparticles behave differently under different 
ventilation settings. 
As for fine particles, average in–cabin PM2.5 was found to be 13±5, 12±4, 9±3 and 
14±7 µg m–3 during Set2, Set3, Set4 and Set5, respectively (Table 7.4). PM2.5 concentration 
during Set2  compares well within a factor of 2 to those reported by Weichenthal et al., 2015 in 
Toronto (6.6 µg m–3) and Montreal (13.6 µg m–3), Canada, and Geiss et al., 2010 in Ispra (13.6 
µg m–3), Italy. PM2.5 concentration during Set5 (14±7 µg m–3) were identical to those measured 
(16±16 µg m–3) by Gulliver and Briggs (2004) in Northampton, UK (Table 7.1). The average 
PM2.5 after subtracting the background was highest during Set2 and Set3 and lowest during the 
Set4 (Table 7.4). The highest PM2.5 during the Set2 and Set3 can be explained by greater intake 
of outside air due to high AER in these settings as compared to Set4. 
Average in-cabin PM1 was found to be 9±4, 11±4, 5±2, and 9±5 µg m–3 during Set2, 
Set3, Set4 and Set5, respectively (Table 7.4). Contrary to PM10, a strong positive linear 
correlation (R2 = 0.58) was observed between AER and average PM1 during different 
ventilation settings. This indicates that penetration of exhaust particles inside the cabin 
decreases with a decrease in AER, resulting in decreasing in-cabin PM1. Comparison of our 
results suggests that PM1 for Set2 is well within the range of those reported by Geiss et al., 2010 
(i.e. 0.8-82.9 µg m–3) in Ispra (Italy). Likewise, PM1 during Set5 compare well with those 
measured by Gulliver and Briggs 2004 (i.e. 7±10 µg m–3) in Northampton, UK (Table 7.1). 
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7.3.3 Spatial variations in PMCs 
   Figures 7.3a-c show the spatially averaged plots of 6 s averaged PM10, PM2.5 and 
PM1 concentrations on the studied route using the data collected for Set1 (i.e. windows fully 
open, representing on-road PMCs). Consistently higher PM10 were observed near the TIs 
(Figure 7.3a-c), mainly due to relatively higher nonexhaust emissions due to brake and tyre 
wear at the TIs compared with free-flow conditions (Barlow et al., 2007). Likewise, relatively 
higher exhaust emissions are expected at the TIs, contributing to increased PM2.5 and PM1 
levels, because of larger fuel consumption in congested traffic conditions compared with free 
flow traffic conditions at the rest of the route (Goel and Kumar, 2015a).  
To further assess the effect of congested conditions at TIs on PMCs, the 
concentrations of PM10, PM2.5 and PM1 were segregated for the delay and non-delay conditions 
at all the TIs on the studied route using the approach explained in Section 2.5 (Figure 7.3d). 
Median PM10, PM2.5 and PM1 during delay period at the TIs were found to be 57, 23 and 15 µg 
m–3, respectively; these were 40%, 16% and 17% higher than the corresponding values on the 
rest of the route with free-flow traffic conditions.  
In addition to traffic driving conditions, geometries and the built-up area around TIs 
also affect the dispersion of PM emissions and hence the PMCs. To analyse the effect of 
geometries and the built-up area around the TI on PM fractions, we further divided our TIs into 
the following 4 categories based on surrounding built-up area: TI4w-nb, TI3w-nb, TI4w-wb and TI3w-
wb. Results are summarised in Table 7.5 and the average PM is shown in Figures 7.3e-h. 
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Table 7.5. Average and median PM10, PM2.5 and PM1 concentrations at four different types of 
TIs. 
Type of TI PM10 (µg m
–3) PM2.5 (µg m–3) PM1 (µg m–3) 
Average±ߪ Median Average±ߪ Median Average±ߪ Median 
TI1 69±36 61 23±5 23 15±4 16 
TI2 72±32 65 19±3 20 13±2 12 
TI4 53±20 45 27±10 24 19±6 19 
TI6 63±15 58 28±6 29 18±6 21 
TI4w-nb 65±29 59 24±7 22 16±5 15 
TI3 49±4 49 21±4 21 16±3 18 
TI7 65±31 58 23±5 23 16±5 13 
TI9 85±35 86 26±6 26 15±4 14 
TI3w-nb 71±33 60 24±5 24 16±4 14 
TI10 59±19 59 31±14 27 24±14 20 
TI4w-wb 59±18 59 31±14 27 24±14 20 
TI5 80±34 75 24±4 24 14±3 14 
TI8 63±36 56 28±8 27 20±8 20 
TI3w-wb 66±36 58 27±8 26 19±7 18 
 
Median PM10 were found to be 59, 60, 59 and 58 µg m–3, PM2.5 as 22, 24, 27 and 26 
µg m–3 and PM1 as 15, 14, 20 and 18 µg m–3 at TI4w-nb, TI3w-nb, TI4w-wb, and TI3w-wb, respectively 
(Table 7.5). Interestingly, the median PM10 were almost approximately similar at the all four 
categories of TIs (Table 7.5), indicating that built-up environment have very little effect due to 
their relatively larger setting velocity. This was not the case for the median PM2.5 and PM1, 
which were highest at TI4w-wb where the traffic volume was also the largest compared with 
other TIs with the built-up area (i.e. 93340, 85335, 108554, 107784 veh day–1 at TI4w-nb, TI3w-
nb, TI4w-wb and TI3w-wb, respectively). Moreover, accumulation of fine PMCs at the TIs with the 
built-up area is expected to higher due to limited dilution than the TIs with no built-up area 
(Zhang et al., 2012b).  
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Figure 7.3. Spatial variation of average (a) PM10, (b) PM2.5 and (c) PM1 concentration during 
ventilation Set1 on the whole route. (d) Average PM10, PM2.5 and PM1 concentration during 
delays at all TIs and free-flow on the rest of the route. Average (e) PM10, (f) PM2.5 and (g) PM1 
concentration during delay conditions at four different types of TIs. (h) Percentage fraction of 
coarse (PM2.5-10) and fine (PM2.5) particles during delay conditions at four different types of 
TIs. 
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Above discussions show that delay conditions at TIs can result in 40%, 16% and 17% 
higher PM10, PM2.5 and PM1, respectively, compared with those at the rest of the route with 
free-flow conditions. The effect of the built-up area around a TI on PM10 was almost non-
existent. Conversely, an increase of about 10% and 30% in median PM2.5 and PM1 were found 
at TIs with built-up area compared with TIs with no built-up area.  
7.3.4 ZoI at the TIs under different driving conditions  
Delay conditions affect the certain length of the road around a TI, which is referred to 
as ZoI (Section 5.1). Longitudinal distance, representing ZoI at the TIs, is estimated using the 
method explained in Section 3.3.3. ZoI is expected to vary for different fractions of PM due to 
their distinct sources (Ketzel et al., 2007). This section discusses the extent of ZoI for three 
different fractions of PM (PM10, PM2.5 and PM1) at four different categories of TIs (TI4w-nb, 
TI4wwb, TI3w-nb and TI3w-wb) for delay events during stop and go and multiple-stopping driving 
conditions, which occur frequently at the TIs. Each of the studied 10 TIs was divided into 
above-mentioned four categories of TIs and then ZoI at each of the 10 TIs during each 
individual run were derived (Appendix C, Table C10-15 ). These runs were then divided in 
stop and go and multiple stopping driving conditions. A summary of ZoI ranges (i.e. maximum, 
minimum, median and average) for stop and go and multiple stopping driving conditions are 
presented in Tables 7.6 and 7.7, respectively.  
Comparison of different ranges of ZoI suggests that maximum length of ZoI was 
found to be up to 1.5, 1.6 and 1.7-times the median length for PM10, PM2.5 and PM1, 
respectively, under both driving conditions at all the TIs. The median length was within ±5% 
of the average length of ZoI for all fraction of PM (Tables 7.6 and 7.7). Given that the 
maximum and median values are most relevant for both the driving conditions; these are chosen 
for the subsequent discussions. 
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There are some common features between both the driving conditions. For example, 
the maximum length of ZoI for PM2.5 and PM1 was highest at TI4w-nb under both the driving 
conditions. Irrespective of the PM type, a negative linear correlation has been observed 
between maximum length of ZoI and average acceleration (i.e. R2 = 0.35, 0.50 and 0.50 for 
PM10, PM2.5 and PM1, respectively, in stop and go driving conditions; corresponding values 
for multiple stopping are R2 = 0.59, 0.86 and 0.98). These observations suggest that irrespective 
of the driving condition, the maximum length of ZoI depends on acceleration. 
Apart from some commonalities (discussed above), distinct features of ZoI were also 
observed under both the driving conditions. For example, both maximum and median lengths 
of ZoI were the largest for PM10 at TI3w-nb under stop and go driving conditions. On the other 
hand, corresponding lengths for PM10 were highest at TI3w-wb in multiple stopping driving 
conditions. Similarly, the median length of ZoI during stop and go driving conditions was 
highest for PM2.5 and PM1 at TI3w-wb and TI4w-nb, respectively (Table 7.6) while corresponding 
ZoIs for PM2.5 and PM1 were highest at TI3w-nb (Table 7.7) during multiple stopping condition. 
In stop- and go- driving condition, a positive linear correlation was observed between median 
length of ZoI and average driving speed for PM2.5 (R2 = 0.35) and PM1 (R2 = 0.95) while a 
negative linear correlation was observed between median length of ZoI and average 
deceleration for PM2.5 (R2 = 0.24) and PM1 (R2 = 0.68) during multiple stopping driving 
conditions. No such correlation was seen for PM10 in both the driving conditions.   
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Table 7.6.  Maximum, minimum, median and the average length of ZoI for PM10, PM2.5 and 
PM1 at four different categories of TIs during stop- and go- driving conditions. X1 and X2 are 
starting and end points of ZoI as described in Section 5.2.4. 
Type of 
TIs 
Max Min Median Average 
X1 (m) X2 (m) Length (m) 
X1 
(m) X2 (m) 
Length 
(m) 
X1 
(m) 
X2 
(m) 
Length 
(m) 
X1 
(m) 
X2 
(m) 
Length 
(m) 
PM10 
TI4w-nb 189 49 140 0 –96 96 86 –26 112 89 –33 121 
TI3w–nb 200 14 186 11 –47 58 126 3 123 100 –16 116 
TI4w–wb 100 58 42 55 –20 75 69 29 40 75 20 55 
TI3w–wb 156 68 88 22 –100 122 86 –37 123 86 –32 118 
PM2.5 
TI4w–nb 194 20 174 38 –16 54 110 –5 116 106 –9 114 
TI3w–nb 171 43 128 25 –47 72 90 9 81 92 2 90 
TI4w–wb 96 44 52 46 –23 69 79 11 68 76 11 65 
TI3w–wb 196 68 128 0 –100 100 85 –36 121 93 –32 125 
PM1 
TI4w–nb 194 44 150 31 –16 47 114 13 102 107 –6 113 
TI3w–nb 164 19 145 20 –64 84 91 7 85 92 –13 105 
TI4w–wb 113 30 83 54 –23 77 86 5 81 76 11 65 
TI3w–wb 190 68 122 0 –100 100 60 –20 80 74 –25 99 
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Table 7.7. Maximum, minimum, median and the average length of ZoI for PM10, PM2.5 and 
PM1 at four different categories of TIs during multiple stopping driving conditions. 
Types 
of TIs 
Max Min Median Average 
X1 
(m) 
X2 
(m) 
Length 
(m) 
X1 
(m) 
X2 
(m) 
Length 
(m) 
X1 
(m) 
X2 
(m) 
Length 
(m) 
X1 
(m) 
X2 
(m) 
Length 
(m) 
PM10 
TI4w-nb 204 –26 230 70 0 70 118 –13 131 133 –16 149 
TI3w-nb 200 77 123 86 –41 127 148 14 134 148 –10 158 
TI4w-wb - - - - - - - - - - - - 
TI3w-wb 184 –70 254 111 –79 190 148 –75 222 148 –75 222 
PM2.5 
TI4w-nb 197 –23 220 49 0 49 133 13 120 126 –1 127 
TI3w-nb 196 39 157 86 –8 94 165 7 158 138 12 127 
TI4w-wb - - - - - - - - - - - - 
TI3w-wb 148 –21 169 32 –80 112 90 –51 141 90 –51 141 
PM1 
TI4w-nb 197 –54 251 74 –17 91 99 0 99 120 –19 139 
TI3w-nb 186 24 162 86 0 86 152 6 146 146 13 132 
TI4w-wb - - - - - - - - - - - - 
TI3w-wb 136 61 75 26 –21 47 81 20 61 81 20 61 
 
Above discussions clearly show that ZoI exists within the vicinity of a TI and the 
length of a ZoI is dissimilar for different fractions of PM at different types of TIs. For stop and 
go driving condition, ZoI depends on average acceleration and driving speed of traffic while it 
depends on average acceleration and deceleration of traffic in multiple stopping driving 
conditions.  
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7.3.5 Fixed-site measurements at the 3- and 4-way TIs 
The diurnal profiles of three different types of PM (i.e. PM10, PM2.5 and PM1) at 3- 
and 4-way TIs are shown in Figure 7.4a. At both the TIs, diurnal profiles of PM2.5 and PM1 
show the morning and evening peaks of traffic volume, indicating that both PM2.5 and PM1 are 
directly influenced by road traffic. The diurnal profile of PM10 also showed an additional 
afternoon peak that can be explained by fugitive dust emissions that are likely to be the highest 
around mid-afternoon when surface temperature was maximum, surface moisture content was 
minimum, and mean wind speed was highest due to thermally induced air movement (Jones 
and Harrison, 2005). 
The percentage fraction of fine and coarse particles was almost similar at the 3- and 
4-way TIs (Figure 7.4b), indicating common exhaust and non-exhaust sources at both the TIs. 
The average PM10, PM2.5 and PM1 at 3-way TI were 39±24, 24±20 and 20±20 µg m–3, 
respectively, with the corresponding values at 4-way TI as 32±20, 19±11 and 15±10 µg m–3. 
On comparison with literature, the PM10 at both 3- and 4-way TIs were within a factor of 2 to 
those reported in published literature (Table 7.2), except He et al., 2009 who found over 3-
times higher PM10 than those found at the studied 4-way TI. This can be explained by 3.5-times 
higher average background PM10 in the work of He et al. (2009) compared with our background 
PM10 levels (Table 7.3). Similarly, the PM2.5 reported at both the TIs were within ±20% of 
those reported in the literature (Table 7.2).  
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Figure 7.4. (a) Diurnal profile of PM10, PM2.5 and PM1 at 3- and 4- way TIs. (b) Percentage 
contribution of fine and coarse particles to PM10 concentrations at 3- and 4- way TIs. Horizontal 
profile of PM10, PM2.5 and PM1 on (c) leg 3 and (d) leg 4 of a 4- way TI. 
 
7.3.6 Probability distribution fitting to PMCs during fixed-site measurements 
  Frequency histograms showing the range of PMC and their corresponding likelihood 
(i.e. the frequency of occurrence) are potentially more representative of exposure at TIs as 
compared to average or median PMCs (Jia et al., 2008; Sielken Jr and Valdez-Flores, 1999). 
Based on the frequency histograms, hourly averaged PM10 at 3- and 4-way TI for 99% of the 
total sampling duration was found to be ≤84 and 104 µg m–3, respectively. The corresponding 
hourly averaged values for PM2.5 were ≤62 and 51 µg m–3 and for PM1 as ≤59 and 48 µg m–3, 
respectively.  
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Figure 7.5 shows frequency histograms that are used to assess the frequency of 
violation of PM10, PM2.5 and PM1 concentrations against the corresponding PMCs during free-
flow (i.e. 41, 20 and 12 µg m–3 for PM10, PM2.5 and PM1, respectively; Section 7.3.2). The 
hourly averaged PM10 at the 3- and 4-way TIs were found to exceed the average on-road (in-
vehicle with windows fully open) free-flow PM10 concentration for 41% and 24% of total time, 
respectively. The hourly averaged PM2.5 exceeded the corresponding free-flow concentrations 
for 35% and 34% of the total time at the 3- and 4-way TIs, respectively. The hourly averaged 
PM1 were found to exceed the average on-road PM1 during free-flow traffic conditions for 35% 
and 40% of the total time at the 3- and 4-way TIs, respectively. 
The types of pdf vary for different time averages (Section 6.2). Therefore, distribution 
was fitted to 1 s, 15 min and 1 h averaged total PM10, PM2.5 and PM1 concentrations at the 3- 
and 4-way TIs in order to assess the effect of time averages on the pdf fit. Summary of these 
outcomes is presented in Table 7.8, which shows the “best” and the “common” fit distributions 
on the PM10, PM2.5 and PM1 for three different averaging periods. Irrespective of PM type, 
Inverse Gaussian is found to be the “common” fit at 3-way TI while it is the Gamma 
distribution that is a “common” fit for the 4-way TI.  Inverse Gaussian was found to be the best 
fit for 15 min averaged PM10, PM2.5 and PM1 at 3-way TI and 6s averaged PM2.5 and PM1 data 
at 4-way TI. Best fit distribution describes the pdf of specific time averaged PMC data well 
while common fit distribution is the type of a distribution that could fit the majority of the time-
averaged series of PMCs adequately. This knowledge about statistical distributions that fits 
well to PMC data at different types of TIs can be important for assessing the frequency of 
violation of air quality standards and designing the mitigation strategies.  
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Figure 7.5. Frequency histogram for PM10, PM2.5 and PM1 at 3- and 4-way TIs, respectively. 
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Table 7.8. Best fit and common fit distributions for PM10, PM2.5 and PM1 concentrations at 3- 
and 4-way TIs. 
Types of TIs Type of fit Averaging time PM10  PM2.5  PM1 
3-way TI Best fit 6 s Inverse 
Gaussian 
Burr GEV 
15 min Inverse 
Gaussian 
Inverse 
Gaussian 
Inverse 
Gaussian 
1 h Gamma Inverse 
Gaussian 
Gamma 
Common fit Inverse 
Gaussian 
Inverse 
Gaussian 
Inverse 
Gaussian 
4-way TI Best fit 6 s GEV Inverse 
Gaussian 
Inverse 
Gaussian 
15 min Exponential Gamma GEV 
1 h Weibull Gamma Gamma 
Common fit Gamma  Gamma Gamma 
7.3.7 Horizontal decay of PM along the road length at the TI  
To analyse the horizontal variation in the PMCs, measurements were carried out at 
five different distances from the centre of the TI on two different legs (3 and 4) of the 4-way 
TI (Figure 7.4c-d). All three types of PMCs (with R2 = 0.71, 0.90 and 0.90 for PM10, PM2.5 and 
PM1, respectively) were found to decay logarithmically with increasing distance from the 
centre of a TI at leg 3 while no such decays were observed at leg 4 of the studied TI (Figure 
7.4c-d). The decay profiles of PMCs are different to those observed for airborne nanoparticles 
at this TI where an exponential decay (R2 = 0.68-0.71) was observed with increasing distances 
from the centre of the TI at both the legs of the studied TI (Goel and Kumar, 2016).  The 
differences in decay profiles of different PM types and nanoparticles can be explained by their 
origin. For example, PM10 emissions mainly come from resuspension of dust and tyre wear 
(Section 7.3.3) while nanoparticles and PM1 from exhaust emissions (Friend et al., 2013). 
7.4 Summary, conclusion and future research 
The “mobile” and “fixed-site” measurements for size-resolved PMCs in the 0.25-34 
µm size range were carried out in a typical UK town Guildford, Surrey. The mobile 
measurements were carried out on a 6 km long round route with 10 TIs. Fixed-site monitoring 
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was carried out at two different types (i.e. 3- and 4-way) of TIs. The aims were  to (i) assess 
the effect of five different ventilation settings on in-cabin PMCs on overall route and during 
delay conditions at the TIs; (ii) estimate the ZoI of PM10, PM2.5 and PM1 during stop- and go-, 
and multiple stopping, driving conditions at the TIs; (iii) estimate in-cabin exposure of PM 
types and compare with pedestrian exposure at TIs, and (iv) understand the range of exposure 
doses to which people get exposed most frequently at different types of TIs. The pdfs were 
fitted to fixed-site data of PM10, PM2.5 and PM1 using a statistical distribution fitting tool 
(Easyfit). Based on the ranking of the fitted distributions, the “best” and most “common” pdfs 
were identified at both the 3- and 4-way TIs.  
The following conclusions are drawn: 
 The in-cabin concentration of coarse and fine particles was affected differently by the AER. 
Contrary to fine particles, concentrations of coarse particles (PM2.5-10) decreased with an 
increase in AER. 
 Median PM10, PM2.5 and PM1 concentrations during delay periods at TIs were up to 40, 16 
and 17% higher than those during free-flow conditions, indicating that TIs become hotspots 
of PMCs during delay conditions.  
 The built-up area around the TI did not show any impact on median PM10 concentration 
during delay conditions. However, median PM2.5 and PM1 were highest at TI4w-wb due to 
relatively high traffic volume and surrounding built-up area limiting the dispersion. 
 The maximum length of ZoI was the largest for PM10 at TI3w-nb under stop- and go- driving 
conditions, while corresponding lengths for PM10 were highest at TI3w-wb in multiple 
stopping driving conditions. In both the stop- and go- and multiple stopping driving 
conditions, the maximum length of ZoI for PM2.5 and PM1 was highest at TI4w-nb , compared 
with remaining three categories of TIs (i.e. TI4w-wb, TI3w-nb and TI3w-wb). These results show 
that maximum length of ZoI for different fractions of PM changes with a change in traffic 
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driving conditions at a TI. 
 Based on the fitting of the pdf to the PM data at the fixed-site, the hourly averaged PM10, 
PM2.5 and PM1 concentrations over the entire fixed-site measurements at the 3- way TI was 
found to exceed their corresponding values during free-flow traffic conditions from mobile 
measurements for 41%, 34% and 35% of the total monitoring duration, respectively. The 
corresponding exceedance at 4-way TI was 24%, 35% and 40%, respectively. It indicates 
that the frequency of exceedance increases with a decrease in the size of the particles.   
This Chapter presents hitherto missing information related to the effect of different 
ventilation settings and driving conditions on the PMCs at and around the TIs. Further, there is 
a need to assess the associated exposure at TIs to devise appropriate mitigation strategies. This 
exercise is performed and results are presented in Chapter 8. 
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Chapter 8 
ESTIMATION OF EXPOSURE TO NANOPARTICLES 
AND PARTICLE MASS CONCENTRATIONS AT AND 
AROUND INTERSECTIONS 
This chapter presents the estimation of exposure to nanoparticles and particulate matter at and 
around 3- and 4-way TI based on the results of mobile and fixed-site measurements. The aims 
were to (i) estimate the contribution of exposure to nanoparticles and PMCs at TIs to overall 
commuting exposure, (ii) assess the variations in in-cabin exposure to nanoparticles and PMCs 
under different ventilation settings at TIs and (iii) estimate the exposure of pedestrian to 
nanoparticles and PMCs at two different types of TIs.  The chapter ends with a summary and 
this work appeared in Goel and Kumar (2015a; 2016) and Kumar and Goel, 2016.    
 
8.1 Introduction 
Understanding the spatiotemporal distribution of nanoparticles and PMCs at urban 
hotspots is of significant concern for accurate estimation of exposure (Section 2.6). For this 
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purpose, the exposure to traffic emitted nanoparticles and PMCs at most commonly occurring 
urban hotspot i.e. TI is estimated based on the data obtained during experimental campaign 1 
and 2. The objectives were to (i) estimate the contribution of exposure to nanoparticles and 
PMCs at TIs to overall commuting exposure, (ii) how does the in-cabin exposure to 
nanoparticles and PMCs vary under different ventilation settings at TIs and (iii) estimate the 
exposure of pedestrian to nanoparticles and PMCs at two different types of TIs. 
8.2 Methodology 
Data of both mobile, as well as the fixed-site campaign, was used to obtain the 
objectives mentioned in Section 8.1. Mobile campaign was conducted in five different 
ventilation settings as explained in Section 4.2. For exposure assessment data related to delay 
events were segregated by using the methodology explained in Section 3.3.2 for all five 
ventilation settings of a mobile campaign. Then contribution of exposure at TIs to overall 
commuting exposure is estimated by using the methodology explained in Section 3.3.6 on the 
data of ventilation Set1 (windows fully open) obtained during the mobile campaign. In-cabin 
exposure under different ventilation settings is estimated based on the data of remaining four 
ventilation settings by using the methodology explained in Section 3.3.6. Data of fixed-site 
campaign collected at height of 1.5 m has been used for estimating the pedestrian exposure 
following the same methodology. 
8.3 Results and discussion 
8.3.1 Contribution of exposure at TIs to overall commuting exposure 
8.3.1.1 Nanoparticles 
Following the methodology explained in Section 3.3.6, on-road average RDD rate was 
estimated for 22 runs of ventilation Set1 (windows fully open, fan and heating switched off) 
and results are presented in Figure 8.1. It was found that RDD rate varied from run to run, 
showing the largest RDD during those runs when the PNCs were dominated by the freshly 
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emitted particles in 5-30 nm range (Figure 8.1a). For instance, the highest RDD values were 
~3-times the overall average (2.8±2.4 ×109 # min-1 or 7.6±6.5 ×106 # m–1) for run 20 where the 
PNC contribution of 5-30 nm size particles towards the total PNC was 82% compared with the 
overall average of 58%.  
Average RDD rate during delay period at TIs was found to be up to 7-times higher 
than those during the remaining run period. Short-term exposure under delay conditions at TIs 
contributed to a significant proportion of commuting exposure. For instance, the percentage of 
time spent under delay conditions at TIs during run 19 was only 27 s (i.e. 2% of the total 
commuting time) but the RDD was 1.1×1010 particles (i.e. 25% of total RDD during 
commuting) (Figure 8.1b). One of the prominent reasons for this exposure are the changes in 
driving conditions during delay periods at the TIs, which lead to increased fuel consumption 
and result in greater amount of particle number release (see Section 4.3.3).  Availability of 
RDD rate for a direct comparison is limited, but we have made an attempt to compare our 
results with other best possible matching studies. For instance, Int Panis et al. (2010) estimated 
the average RDD rate for a male cyclist as 4.6×106 # m–1 in Brussels. Our RDD estimates for 
our entire route and TIs are 1.6- and 14-times higher, respectively, than those reported by Int 
Panis et al. (2010) in their study in Brussels. Some of the differences can be explained by the 
instrument employed (ultrafine particle counter, UPC) that measured particles in the 20-
1000 nm size range, whereas the cut-off size range for the DMS50 employed in this study was 
5 nm. Based on measured data in our study, PNCs in the 5-20 nm size range can contribute 
~48% of total PNCs (see Section 4.3.1). Therefore, a factor of two differences is not surprising 
for the overall route, given also the influence of other factors such as traffic composition and 
driving conditions along the route that could have contributed to the dose estimates. For 
example, maximum traffic volume in their study was about 50,000 veh day–1 while this more 
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than two-times (1,13,680 veh day–1) on our study route. Although average driving speed on 
their route (~19 km h–1) was almost similar to those (~22 km h–1) observed in our study.   
8.3.1.2 Contribution of PMCs exposure at TIs to overall commuting exposure 
The RDD rate during Set1 (i.e. windows fully open) is considered as a representative 
of on-road RDD rate. Average on-road RDD rate of PM10 (80 µg h–1), PM2.5 (7 µg h–1) and 
PM1 (3 µg h–1) during the delay period at TIs were found to be about 55%, 5% and 17% higher 
than those during the rest of the run periods (Figure 8.1c-d). Short-term exposure of PM10 under 
delay conditions at TIs can contribute to a reasonable proportion of commuting exposure. For 
instance, the average percentage of time spent under delay conditions over all the runs at TIs 
was about 7% of the total commuting time, but this contributed to 10, 7 and 8% of total RDD 
during this run for PM10, PM2.5 and PM1, respectively (Table 8.1).  
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Figure 8.1. (a) Respiratory deposition dose (RDD) rate of peak PNCs under delay at TIs and 
remaining journey (i.e. overall journey–delay period) in Set1 (windows open, fan and heating 
off). (b) Percentage contribution of time spent during delay period (red bar) and remaining 
journey. (c) Box plot of RDD rate for PM10, PM2.5 and PM1 during the delay and free flow at 
TIs. Line inside the box is the median and the lower boundary of the box is 25th percentile. 
Square represents the mean value.  
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Table 8.1. Run-wise total RDD during Set1 along with percentage contribution of RDD during 
delays at TIs to total RDD and percentage commuting time spent by the experimental car during 
delay conditions in Set1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Run No 
Total RDD during the 
whole run  (µg) 
% fraction of total RDD 
during delay 
Commuting 
time spent 
during delay 
(%) PM10 PM2.5 PM1 PM10 PM2.5 PM1 
R1 16 2 1 15% 13% 13% 12% 
R2 11 1 1 2% 2% 2% 1% 
R3 13 1 1 8% 7% 6% 5% 
R4 18 2 1 12% 10% 11% 9% 
R5 17 2 1 26% 20% 19% 19% 
R6 19 2 1 4% 2% 2% 2% 
R7 15 2 1 4% 2% 3% 2% 
R8 9 1 1 6% 5% 6% 4% 
R9 11 2 1 11% 4% 4% 4% 
R10 9 1 1 10% 7% 9% 6% 
R11 8 1 1 1% 1% 1% 1% 
R12 9 1 1 7% 4% 5% 5% 
R13 39 3 1 4% 4% 5% 4% 
R14 19 2 1 28% 16% 23% 15% 
R15 15 2 1 10% 7% 10% 8% 
R16 20 2 1 21% 13% 17% 16% 
R17 16 2 1 16% 9% 11% 11% 
R18 30 5 1 7% 7% 6% 6% 
R19 26 4 1 15% 11% 10% 9% 
R20 25 5 1 10% 7% 6% 6% 
R21 16 3 1 9% 6% 6% 6% 
R22 14 3 1 3% 3% 2% 3% 
Average 17 2 1 10% 7% 8% 7% 
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8.3.2   In-cabin exposure of particle number and mass concentration at TI 
8.3.2.1 PNCs 
To compare the exposure during different vent ilat ion settings, we used the 
RDD and AER data to derive a relationship between them. Average in–cabin RDD rate was 
found to increase linearly (R2 = 0.98) along with an increase in AER (Figure 8.2a). As expected, 
this linear trend between in-cabin RDD and AER mimics the trend between the in-cabin PNCs 
and AER since RDD rate is directly proportional to in-cabin PNCs (Figure 8.2a). As expected, 
median RDD rate during Set3 is highest (1.30×107 #  s–1; AER: 257 m3 h–1), followed by Set2 
(0.86×107 # s–1; AER: 125 m3 h–1), Set4 (0.38×107 # s–1; AER: 16 m3 h–1) and Set5 (0.28×107 # 
s–1; AER: 17 m3 h–1). Alternatively, reduction in in–cabin RDD rate with respect to on-road 
RDD rate was highest during Set5 (75%), followed by Set4 (71%), Set2 (67%) and Set3 (19%), 
respectively (Figure 8.2b). These data suggest that keeping the fan setting at minimum favours 
the reduction in in-cabin RDD rate throughout the route. As discussed in Section 4.3.1, AER 
increases with increasing fan settings and therefore an increase in in-cabin PNCs is expected 
that results in higher RDD. It is evident from the above discussion that TIs contribute notably 
to overall daily overall commuting exposure and that in-cabin exposure at TIs can be reduced 
significantly by keeping the fan setting at a minimum level. 
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Figure 8.2. (a) Correlation between the RDD rate and AER in different ventilation settings for 
nanoparticles. (b) Percentage reduction in RDD rate during delay condition in four different 
ventilation settings for nanoparticles. Average RDD rate of (a) PM10, (b) PM2.5 and (c) PM1 
during delay conditions at TIs in Set2, Set3, Set4 and Set5.(d) Percentage reduction in in-cabin 
RDD rate during different ventilation settings with respect to on-road RDD rate during delay 
conditions at TIs. Please note that numbers on the x-axis represent the corresponding 
ventilation setting. 
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8.3.2.2   PMCs 
Figure 8.2 shows the in-cabin RDD rates under four different ventilation settings 
during delay conditions (as defined in Section 3.4) at the TIs. Set3 (i.e. windows closed and fan 
fully on) showed the lowest median in-cabin RDD rate of PM10 and PM2.5 while the lowest 
RDD rate of PM1 was found during the Set5 (i.e. windows closed, heating and fan switched off; 
Figure 8.2a-c). This can be explained on the basis of the relationship between AER and RDD 
rates of different ventilation settings. 
For example, average RDD rate during delay period at TIs was found to decrease 
exponentially (R2 = 0.96) for PM10 and logarithmically (R2 = 0.98) for PM2.5 with increasing 
AER values (Figure 8.3a-b). Conversely, average RDD rate of PM1 was found to increase 
logarithmically (R2 = 0.62) with increasing AER values (Figure 8.3c). 
The above discussion suggests that Set3 is the best setting, resulting in 54 and 68% 
decrease in in-cabin PM10 and PM2.5, respectively, compared with on-road RDD rate during 
delay conditions at TIs (Figure 8.2). Likewise, Set5 emerged as the best setting for PM1, 
resulting in 76% reduction in in-cabin PM1 during delay conditions at TIs compared with the 
corresponding values of on-road RDD rates (Figure 8.2d). In case a most optimal setting need 
to be selected to reduce in-cabin exposure of all the three PM fractions, Set5 may be considered 
since it results in maximum reduction in in-cabin RDD rate of PM1 and ~42% and 59% 
reduction in in-cabin RDD rates of PM10 and PM2.5, respectively. Of course, the choice of 
optimal setting could change to Set3 if the highest reduction in PM10 or PM2.5 is considered as 
a primary choice. 
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Figure 8.3. Correlation between AER of different ventilation settings and RDD rate of (a) PM10 
(b) PM2.5 and (c) PM1 during delays at TIs. 
 
8.3.3 Pedestrian exposure of PNCs and PMCs at TIs 
8.3.3.1 PNCs 
To compare pedestrian exposure, hourly averaged RDD rates were estimated at 
studied 3- and 4-way TIs using the methodology described in Section 3.3.6. Average RDD rate 
at both our TIs was found to be 5.33±4.77 ×1010 h–1 (with 3.74±1.73 ×1010 and 6.91±5.44 ×1010 
h–1 at 3- and 4-way TIs, respectively; Figure 8.4). Average RDD rate at 4-way TI is about 85% 
higher than those at 3-way TI. These higher RDD rates at the 4-way TI could be due to both 
60% higher PNC and up to 61% higher deposition fraction than those at the 3-way TI. 
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Figure 8.4. The box plot of hourly averaged RDD rate at 3 and 4-way TI. The upper and lower 
whiskers of box plot represent 5th and 95th percentile. The upper boundary of the box is the 75th 
percentile; line inside the box is the median and the lower boundary of the box is 25th percentile. 
The diamond shapes represent the mean value. Yellow coloured circles represent the 
percentage of PNCs in nucleation mode at two TIs. 
 
The estimates of RDD rates on TIs are not available in the literature for direct 
comparison with our results. Therefore, we have converted the PNCs to RDD rates for some 
of the studies (Holmes et al., 2005; Wang et al., 2008) that made PNDs available in their 
research reports. Average RDD rate was estimated for Wang et al. (2008) and Holmes et al. 
(2005) as 0.34×1011 h–1 and 0.15×1011 h–1 for a 4-way TI in the Corpus Christi (USA) and 
Brisbane (Australia), respectively. Average RDD rate at the studied 4-way TI (0.69 ×1011 h–1) 
is about 2.0 and 4.6-times of those estimated for Wang et al. (2008) and Holmes et al. (2005), 
respectively. In case of Wang et al. (2008) the average PNCs was similar at their and our TIs 
(Table 6.3). However, shape and magnitude of PNDs were different in above-noted and our 
studies. For example, about 81% of PNCs were in the 5-30 nm size range at our 4-way TI 
compared with 68% of PNCs in the study of Wang et al. (2008). In case of Holmes et al. (2005), 
average PNC was 50% of that observed at our 4-way TI. Since RDD rate is directly 
proportional to the product of PNCs and deposition fraction, 50% lesser RDD rate can, 
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therefore, be expected. Also, the percentage of PNCs in 5-30 nm range was 68% in Holmes et 
al. (2005) compared with 81% at our 4-way TI.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5. Average RDD rate of (a) PM10, (b) PM2.5 and (c) PM1 during delays at 3- and 4-
way TIs and during a delay at TIs and free-flow on rest of the route in Set1.  
 
Above discussions show that the exposure at TIs can be many folds higher than the 
other urban environments. The exposure varies depending on the PNC and deposition fraction 
at different types of TIs. Therefore there is a need to carry out more studies at different types 
of TIs in diverse geographical settings. Such studies could also assist in developing a database, 
showing the contribution of exposure at TIs towards the overall daily exposure during 
commuting in diverse city environments.  
0
40
80
120
160
3-way 4-way Delay  at
TIs (Set1)
Free flow
(Set1)
R
D
D
 r
at
e 
(µ
g 
h–
1 )
PM10
0
7
14
21
28
3-way 4-way Delay  at
TIs (Set1)
Free flow
(Set1)
R
D
D
 r
at
e 
(µ
g 
h–
1 )
PM2.5
0
6
13
19
25
3-way 4-way Delay  at
TIs (Set1)
Free flow
(Set1)
R
D
D
 r
at
e 
(µ
g 
h–
1 )
PM1
(a) (b)
(c)
193 
 
8.3.3.2 PMCs 
The pedestrian exposure was estimated using the fixed-site measurements around the 
TIs. Median RDD rates of PM10 were found to be 13 and 11 µg h–1 at 3- and 4-way TIs, 
respectively. Corresponding values for PM2.5 were 5 and 6 µg h–1 at 3- and 4-way TIs, and for 
PM1 as 3 and 5 µg h–1 at 3- and 4-way TIs, respectively (Figure 8.5a-c).  These RDD rates for 
different PM types at 3- and 4-way TIs are close to each other. However, significant differences 
can be seen when the exposure data for the delay and non-delay periods are segregated. For 
example, on-road RDD rate of PM10 during delay conditions were 6.2- and 7.3-times higher 
than those for a pedestrian at 3- and 4-way TIs, respectively. The corresponding ratios for PM2.5 
decreased to 1.4- and 1.2-times at 3- and 4-way TIs, respectively (Figure 8.5a-c). These 
observations suggest a disproportional increase in coarse and fine particles during the delay 
conditions, with a much higher increase in coarse fraction. 
8.4 Summary and conclusions 
This chapter presented the estimated RDD rate of nanoparticles and particulate matter 
on-road, inside the car cabin and at pedestrian pathway based on data obtained during 
experimental campaigns 1 and 2. 
The following key conclusions are drawn: 
 It is found that RDD rate of nanoparticles during delay period at TIs can be up to 7-times 
higher than those during the rest of the journey period. In fact, about 2% of journey time 
exposure under delay conditions at TIs found to contribute up to ~25% of total commuting 
exposure doses. 
 Hourly average RDD rates of nanoparticles at pedestrian pathway at the 4-way TI during 
entire monitoring period were found to be 1.8-times of those at 3-way TI (3.74×1010 h–1). 
It shows that even if the strength of emission sources (i.e. PNEF) are almost similar, 
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exposure rates could vary notably at different types of TIs.  
 On an average, only about 7% of the commuting time spent under delay conditions at TIs 
over all the runs was found to contribute 10, 7 and 8% of total commuting exposure to 
PM10, PM2.5 and PM1, respectively. This indicates that TIs become hotspots of PM during 
delay conditions. Exposure to on-road PM10 under delay conditions at the TIs were 6.2- 
and 7.3-times higher than those for a pedestrian at 3- and 4-way TIs, respectively. The 
corresponding ratios for PM2.5 were 1.4 and 1.2 at 3- and 4-way TIs, respectively. Set5 (i.e. 
windows closed, fan and heating switched off) under delay conditions was found to be the 
optimal ventilation setting for in-cabin exposure at the TIs, leading to highest reduction in 
in-cabin RDD rate of PM1 (76%) and significant reduction in in-cabin RDD rate of PM10 
(42%) and PM2.5 (59%) with respect to on-road RDD rate (Set1).   
This chapter focuses on pedestrian and in-cabin exposure of nanoparticles and 
different PM types at urban traffic hot-spot i.e. TI. Further personal monitoring studies, 
focusing on individuals with different level of physical activities travelling at different types 
of TIs are recommended to advance the understanding of exposure at these hot-spots. In this 
chapter, exposure has been estimated based on field measurements of PNCs and PMCs, further 
modelling studies should be carried out to accurately predict PNCs and PMCs to get the 
accurate exposure estimates at different types of TIs located in different geographies and is the 
focus of Chapter 9. 
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Chapter 9 
ASSESSING THE PERFORMANCE OF DISPERSION 
MODELS FOR NANOPARTICLES AT TIs 
This chapter presents a performance assessment of two freely available models of air quality 
i.e. CALINE4 and CAL3QHC to predict PNCs in three different size ranges at four different 
heights and five different distances near 3- and 4-way TIs. Average emission inputs in the 
model are modified to driving condition specific emission factors by using the findings of fixed 
and mobile measurements. The chapter ends with summary and work appeared in Goel et al., 
2017.   
 
9.1 Introduction 
There are currently very few models that are specifically designed to predict PNCs by 
taking into account the particle dynamics. The detailed characteristics of some of these models 
that take into account the detailed particle dynamics at local scales and can be used at the TIs 
after appropriate modification is provided in Section 2.6. However, these models require 
extensive computation and expertise and are not easily accessible for free use (Section 2.6). 
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Therefore, there is a need to assess the performance of freely available models of air pollution 
(Table 5.1) for predicting PNCs at and around the TI, which is the overall aim of this Chapter. 
In the current Chapter, the suitability of two freely available models (i.e. CALINE4 and 
CAL3QHC) for gaseous and PM is assessed for predicting PNCs at TIs. Further, to enhance 
the suitability of these models for predicting PNCs at TIs, correlations have been developed 
between predicted and measured PNCs for receptors located at different heights from the TIs.  
At TIs, vehicles frequently stop with idling engines during the red-light period and 
speed up rapidly in the green-light period, resulting in frequent changes in driving conditions. 
The frequent fluctuations in driving conditions produce more PN emissions than any other 
situations such as steady state driving (Section 2.4). Further, accurate prediction of PNCs 
requires appropriate allocation of emissions to different road links at TIs. As highlighted in 
Chapter 2, PNEF derived for average driving speed on the roadway are not suitable for TIs as 
they do not take into account the frequent changes in driving conditions that occur at TIs. 
Therefore, in this modelling exercise, the average PNEF at TIs obtained by fixed-site 
monitoring (Section 6.3.5) are used to estimate PNEF for deceleration, idling, cruise and 
acceleration by using the relationship between PNEF and rate of change of driving speed 
derived in Section 4.3.5 and the contribution of different driving conditions in total PNCs at TI 
as PNCs are directly proportional to PNEFs. These contributions were derived by using the 
PMF model (see Section 5.2.5). The model performance is then assessed by using the driving 
condition specific PNEFs on different links of the road. 
Furthermore, the various size ranges of particles behave differently due to the 
difference in transformation process they undergo (Kumar et al., 2008b). Therefore, it is 
important to assess the performance of models for different size ranges, so that an informed 
decision can be made for selecting an appropriate model for a particular size range and is one 
of the aims of this study.  
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 The specific objectives of this study are to assess the performance of freely available 
dispersion models (i.e. CALINE4 and CAL3QHC) to predict PNCs in three different size range 
(i.e. 5-560, 3-30 and 30-300 nm, representing total PNCs, nucleation mode and accumulation 
mode particles, respectively) at various receptor heights at two different types (i.e. 3- an 4-
way) of TIs.  Also, suitability of models is assessed for predicting the variations in PNCs at 
different distances from the TI at 4-way TI.  
9.2 Methodology 
9.2.1 Studied TIs 
The two models were compared at 3- and 4-way TI in a typical UK town, Guildford. 
Fixed site monitoring was conducted on these two TIs described in Chapter 6. Monitoring was 
conducted at: (i) the corners of the TIs (i.e. ∼1.5 m above the road level close to the breathing 
zone), (ii) four different heights in the vertical direction, and (iii) five different points away 
from the centre of TIs (see Section 6.2). 
9.2.2 Description of models used 
9.2.2.1 CALINE4 
CALINE4 is updated version of line source model CALINE3. It is a Gaussian 
diffusion model (see Eq. 9.1) for predicting the concentrations of inert pollutant such as carbon 
monoxide (CO) and PM at a receptor located within 150 m of main and arterial roads. 
CALINE4 divides the main road links into a series of elements from which incremental 
concentrations are computed and then summed to form a total concentration estimate for a 
particular receptor location. Each element is modelled as an equivalent finite line source (FLS) 
positioned normal to the wind direction and centred at the element midpoint. Incremental 
downwind concentrations are computed using the crosswind Gaussian formulation for a line 
source of finite length. 
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Where C is the concentration of pollutant, q is line source strength, σy and σz are 
horizontal and vertical dispersion parameters, respectively, u is wind speed, H is source height 
and PD is normal probability density function given by Eq. (9.2): 
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It treats the region over the highway as a uniformly mixed zone with a width equal to 
the width of travelled way plus 3 m on either side to account for initial horizontal dispersion 
due to vehicle wake effect (Dabberdt et al., 1995; Eskridge and Rao, 1983). Within the mixing 
zone, mechanical turbulence produced by vehicles and thermal turbulence produced by vehicle 
wake is considered as a dominant dispersive mechanism. Evidence indicated that this is a valid 
assumption for all except for most unstable atmospheric conditions (Benson, 1979). 
9.2.2.2 CAL3QHC 
CAL3QHC is a consolidation of CALINE3 dispersion model and an algorithm that 
estimates the length of the queue at TIs. It classifies the links in two categories i.e. free flow 
and idling based on the speed of vehicles. A free flow link is defined as a straight segment of 
roadway having a constant width, height, traffic volume, and travel speed and vehicle emission 
factor. Queue link is defined as a straight segment of roadway having a constant width and 
emission source strength, on which vehicles are idling for a specified period.  
CAL3QHC requires all the inputs required for CALINE3 including roadway 
geometries, receptor locations, meteorological conditions and vehicular emission rates. In 
addition, several other parameters are necessary, including signal timing data and information 
describing the configuration of the intersection being modelled. 
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9.2.3 Model inputs 
9.2.3.1 Intersections geometry 
The 3- and 4-way TIs were divided into 4 line sources (i.e. LS), LS1, LS2, LS3 and 
LS4 placed according to wind axes. Each of the four-line sources was further divided into four 
sub-links (i.e. deceleration, idling, acceleration and cruising) to account for changes in the 
driving conditions in the vicinity of TI (Figure 9.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1. Line source (LS) coordinate system for CALINE4 at (a) 3-way and (b) 4-way TI. 
Monitoring location is represented by triangle and star at 3-and 4-way TI, respectively. 
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For 3-way TI, the length of the road experiencing the particular driving condition is 
estimated based on driving speed profiles obtained in Chapter 4. For 4-way TI, the length of 
the road experiencing the particular driving condition is estimated based on traffic videos. The 
deposition and settling velocities were assumed to the zero, and the mixing height of 1000 m 
was assumed to be same for the entire modelling period. The mixing height, however, has a 
small effect on dispersion of pollutants generated from a low-level source such as vehicles 
(Gokhale and Raokhande 2008). 
9.2.3.2 PNEF 
The average PNEF for driving in the congested environment at 3- and 4-way TIs was 
obtained from Section 6.3.5. Thereafter, the PNEFs for deceleration and acceleration at 3-way 
TI were estimated by using the relationship between PNCs and rate of change of driving speed 
derived in Section 4.3.5 as PNCs are directly proportional to PNEFs. For cruise and idling at 
3-way TI and each of the four driving conditions (i.e. deceleration, idling, acceleration and 
cruise) at 4-way TI, PNEFs are obtained by using the contribution of different driving 
conditions in total PNCs at TI as PNCs are directly proportional to PNEFs (see Section 5.2.5). 
The contribution of deceleration, idling, acceleration and cruising to total PNCs at 3-way TI 
was 38, 6, 33 and 23%, respectively. The corresponding contribution at 4-way TI was 78, 4, 
12 and 6%, respectively. 
9.2.3.3 Saturation flow rate estimation 
Saturation flow rate is the number of vehicles served by a lane for one hour of green 
time. It is dependent on saturation headway, which is the headway of the vehicles in a "stable 
moving platoon" passing through a green light. Where headway is the time interval between 
the passage of successive vehicles moving in the same lane measured from head to head as 
they pass a point on the road. A stable moving platoon is a group of vehicles that are travelling, 
but not really moving in relation to each other (i.e. all going the same speed).  
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Figure 9.2. Driving directions at (a) 3-way TI, (b) leg 1 and 2 of 4-way TI and (c) leg 3 and 4 
of the 4-way TI. Driving directions are numbered and these numbers are shown in a circle. 
 
The headway of the first four vehicles leaving an intersection after a red light will 
have a higher value so the saturation headway will not be realised until the 4th or 5th queued 
vehicle leaves the intersection. If every vehicle requires a time equal to the saturation headway 
(h), in seconds, to be serviced at a TI, then the maximum number of vehicles that can be 
serviced in an hour of green is given by the equation Saturation flow rate = 3600 h-1, where 
saturation flow rate is in veh h-1. Since there are five driving directions at 3-way TI and eleven 
(a)
(c)
N
(b)
202 
 
driving directions at 4-way TI (Figure 9.2), based on video footage of traffic during fixed site 
monitoring, saturation flow rate is estimated for each hour of monitoring for each of the driving 
directions at 3- and 4-way TIs and results are presented in Tables 9.1 and 9.2, respectively. 
Table 9.1. Saturation headway and saturation flow rate for five different driving directions at 
3-way TI. Please note that clearance lost time, saturation headway and saturation flow rate are 
not estimated for driving direction (DD) 2 as there was no signal located in this direction. 
Time 
Saturation headway (s) Saturation flow rate (veh h˗1) 
DD1 DD3 DD4 DD5 DD1 DD3 DD4 DD5 
9-10 5.6 2.5 3.6 2.6 643 1452 1000 1412 
10-11 2.2 3.4 3.8 1.3 1674 1059 955 2813 
11-12 1.4 3.0 2.3 2.1 2667 1200 1593 1748 
12-13 2.7 2.5 1.4 1.1 1348 1440 2667 3429 
13-14 2.3 1.5 3.3 1.3 1593 2400 1091 2857 
14-15 1.4 2.6 2.0 2.2 2523 1406 1759 1662 
15-16 1.4 2.7 1.9 2.3 2559 1330 1856 1543 
16-17 3.5 4.7 2.4 2.2 1018 771 1496 1617 
17-18 1.8 3.7 2.3 1.6 1971 966 1563 2229 
18-19 3.5 2.4 2.4 1.6 1025 1500 1485 2269 
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Table 9.2. Saturation headway and saturation flow rate for eleven different driving directions at 4-way TI. 
 
 
 
 
Time 
Saturation headway (h in Second) Saturation flow rate (veh h˗1) 
1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 
8-9 3.2 9.8 1.9 2.8 3.6 1.2 2.2 2.7 10.0 2.5 1.6 1125 367 1856 1286 989 3077 1651 1358 360 1446 2236 
9-10 1 3.3 4.4 2.8 3.3 1.9 2.1 5.3 4.7 1.7 1.8 2769 1108 828 1309 1091 1946 1682 681 768 2169 2057 
10-11 2.5 12.0 2.1 1.6 5.0 7.5 3.1 10.0 40.0 1.7 1.7 1440 300 1731 2236 723 480 1169 360 90 2169 2105 
11-12 3.0 12.0 4.1 2.2 3.4 4.8 2.8 11.0 38.0 4.8 1.9 1184 300 880 1644 1056 744 1304 327 95 750 1895 
12-13 4.4 5.3 1.3 2.7 2.8 2.1 10.0 4.9 38.0 1.5 10.0 826 684 2857 1319 1300 1722 360 738 95 2384 360 
13-14 2.0 9.6 1.7 1.3 4.0 6.0 2.5 8.0 32.0 1.3 1.4 1800 375 2163 2795 904 600 1461 450 113 2711 2632 
14-15 1.8 7.2 2.5 1.3 2.0 2.9 1.7 6.6 22.8 2.9 1.1 1974 500 1467 2740 1760 1240 2174 545 158 1250 3158 
15-16 1.3 3.0 2.1 1.9 1.9 1.9 0.9 1.3 38.0 1.3 2.8 2791 1200 1748 1856 1935 1935 4138 2835 95 2791 1286 
16-17 2.7 10.8 3.7 2.0 3.1 4.4 2.5 9.9 34.2 4.3 1.7 1316 333 978 1826 1173 826 1449 364 105 833 2105 
17-18 2.1 8.4 2.9 1.5 2.4 3.4 1.9 7.7 26.6 3.4 1.3 1692 429 1257 2348 1508 1063 1863 468 135 1071 2707 
18-19 1.0 4.8 0.8 0.6 2.0 3.0 1.2 4.0 16.0 0.7 0.7 3600 750 4327 5590 1807 1200 2922 900 225 5422 5263 
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9.2.3.4 Atmospheric stability 
Atmospheric stability is defined as a tendency of an air parcel to move upward or 
downward after it has been displaced vertically by a small amount (Hanna and Briggs et al., 
1982). Atmospheric stability is classified in classes, ranges from stability class A to F. Stability 
classes A and F represent most unstable and stable atmosphere, respectively. There are five 
schemes to estimate the stability class of an atmosphere. These schemes are Pasquill and 
Gifford, Richardson number, vertical temperature gradient, standard deviations of horizontal 
wind directions and Monin-Obukhov length.  The earliest stability classification scheme, 
attributed to Pasquill and Gifford, is summarized in Table 9.3. This simply requires an estimate 
of solar radiation and wind speed. 
Table 9.3. Correlation of Atmospheric stability class according to Gifford (1976). 
Wind speed 
(m/s) 
Solar 
insolation 
strong 
Solar 
insolation 
moderate 
Solar 
insolation 
slight 
Night time thin 
overcast or > ½ 
low clouds 
Night time 
conditions 
<3/8 cloudiness 
<2 A A-B B - - 
2-3 A-B B C E F 
3-4 B B-C C D E 
4-6 C C-D D D D 
<6 C D D D D 
 
If the data on vertical temperature (T) and wind speed (u) profile are available, the 
atmospheric stability can be estimated based on Richardson number (Ri), which is a ratio of a 
vertical temperature gradient to the squared vertical gradient of the wind speed.  The correlation 
of stability class with Richardson number is shown in Table 9.4. 
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Table 9.4. Atmospheric stability class correlated with Richardson number as designated by 
Sedefian and Bennett (1980). Here g is gravitational acceleration and z is the height 
(Woodward 1999). 
Pasquill stability class 
ܴ௜ = ௚ቀ∆೅∆೥ቁ
்ቀ
∆ೠ
∆೥
ቁ
  
A Ri < -0.86 
B -0.86 ≤Ri < -0.37 
C -0.37 ≤Ri < -0.10 
D -0.10 ≤Ri < 0.053 
E 0.053 ≤Ri < 0.134 
F 0.134 ≤Ri  
 
Vertical temperature gradient scheme correlates the vertical temperature gradient ൫∆ܶ ∆ݖൗ ൯  
with atmospheric stability when wind speeds are low. Table 9.5 gives this correlation for each 
stability class. 
Table 9.5. Atmospheric stability class correlated with a vertical temperature gradient 
(Woodward 1999).  
Pasquill stability class  ൫∆ܶ ∆ݖൗ ൯ (݀݁݃ݎ݁݁ ௄ଵ଴଴ ௠)   
A                 ൫∆ܶ ∆ݖൗ ൯ < −1.9  
B −1.9 ≤  ൫∆ܶ ∆ݖൗ ൯ <  −1.7  
C −1.7 ≤  ൫∆ܶ ∆ݖൗ ൯ <  −1.5  
D −1.5 ≤  ൫∆ܶ ∆ݖൗ ൯ <  −0.5  
E −0.5 ≤  ൫∆ܶ ∆ݖൗ ൯ <  1.5  
F 1.5 ≤  ൫∆ܶ ∆ݖൗ ൯ <  4.0  
G 4.0 ≤  ൫∆ܶ ∆ݖൗ ൯  
 
Stability class estimation based on standard deviations of horizontal wind directions (ߪఏ) has been adopted by US Nuclear Regulatory Comission as originated by Islitzer and Slade 
(1968).  The correlation between stability class and standard deviations of horizontal wind 
speed is shown in Table 9.6 and values listed are applicable for heights upto 10m. 
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Table 9.6. Atmospheric stability class correlated with standard deviations of horizontal wind 
direction (Woodward 1999).  
Pasquill stability class  (ߪఏ) ܽݐ 10 ݉,݀݁݃ݎ݁݁ݏ   
A (ߪఏ) > 22.5  
B 22.5 ≥  (ߪఏ) >  17.5  
C 17.5 ≥  (ߪఏ) >  12.5  
D 12.5 ≥  (ߪఏ) >  7.5  
E 7.5 ≥  (ߪఏ) >  3.75  
F 3.75 ≥  (ߪఏ) >  2  
G 2 ≥  (ߪఏ)  
 
Gifford (1976) reviewed the stability schemes and prefered a scheme based on Monin-
Obukhov length (L), which is defined as a height at which turbulence is generated more by 
buoyancy than by wind shear.  The correlation developed by Pasquill and Smith (1971) for 
flow over short grass, with ݖ଴= 0.01 m is given in Table 9.7. 
Table 9.7. Atmospheric stability class correlated with Monin-Obukhov length (Woodward 
1999). 
Pasquill stability class L, m 
A − 2 ݐ݋ − 3  
B − 4 ݐ݋ − 5  
C − 12 ݐ݋ − 15  
D ∞ 
E 35 ݐ݋ 75  
F 8 ݐ݋ 35  
 
In this Chapter, stability class has been estimated by using the Pasquill- Gifford 
scheme. Atmospheric stability was classified as Class B and C at 4-way and 3-way TI, 
respectively for most of the time.   
9.2.4 Model performance evaluation 
The predictions of models are evaluated based on a factor of two (FAC2) and 
fractional bias (FB). The FAC2 is a scatter plot that loses the time dimension but allows a 
quantitative comparison between model predictions and observations. FAC2 is defined as the 
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fraction of model predictions that satisfy the Eq. (9.1): 
  0.5 ≤ Cp/Co ≤ 2.0         (9.1) 
Where, Cp and Co are predicted and observed concentrations, respectively. It is 
recommended that an air quality model is considered acceptable if more than half of the model 
predictions lie within a factor of 2 of the observations and faulty if not (Rim et al., 2013). FB 
represents the amount of error in the results. It is normalised to make it non-dimensionless. FB 
varies between +2 and -2 and has an ideal value of zero for an ideal model. It is symbolic form 
is shown in Eq. (9.2): 
ܨܤ = 2 × (஼௢തതതതି஼௣തതതത)(஼௢തതതതା஼௣തതതത)                                                              (9.2) 
 
9.3 Results and discussion 
9.3.1 Performance of CALINE4 and CAL3QHC at 3- and 4-way TIs in breathing 
zone 
At both the TIs, CALINE4 and CAL3QHC predicted the PNCs monitored at a height 
of 1.5 m (Figures 9.3 and 9.4). A criterion for satisfactory performance of the model is defined 
as FAC2 value ≥1 and FB value ~ zero. For total PNCs, at 3-way TI, CALINE4 performance 
was satisfactory as FAC2 and FB values were 1 and 0.1, respectively (see Figure 9.3). While 
the corresponding FAC2 and FB values for CAL3QHC were 0.6, and 0.32 respectively. This 
may happen as CAL3QHC does not consider acceleration and deceleration of the vehicle at TI, 
which together constitutes around 61% of the emissions at TIs (see Section 9.3.2). At 4-way 
TI, total PNCs predicted by both the models were unsatisfactory as FAC2 values were 0.4 and 
0.4 and FB values were 0.41 and 0.41 for CALINE4 and CAL3QHC, respectively (Figure 9.4). 
As seen from FAC2 values, both the models have under-predicted the total PNCs at 4-way TI. 
One of the main reason for the underprediction at 4-way TI is that the line source is divided 
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into links at this TI based on the traffic videos while previously measured driving profiles were 
used at 3-way TI (see Section 9.2.3). 
Further, model performance is assessed for various wind directions and wind speeds. 
At 3-way TI, for both the models, the correlation between the predicted and measured total 
PNCs was good (i.e. R2 >0.5) for wind directions towards the sampling point (i.e. NW, N and 
W; see Figure 9.3). At 4-way TI, for both the models, the correlation was good for wind 
directions towards the sampling point (i.e. NW, N, W, NE and E) as well as away from the 
sampling point (i.e. SW; see Figure 9.4). For model performance in different categories of wind 
speeds, at 3-way TI, the correlation between the predicted and measured total PNCs was good 
for medium wind speed (i.e. 3-6 m s-1) in the case of CALINE4 and for low to medium wind 
speed (i.e. 0-4.5 m s-1) in the case of CAL3QHC. At 4-way TI, the correlation was good for 
both the models for wind speed varied from 0-6 m s-1 (Figure 9.4). 
After assessing the model performance for total PNCs, the capability of both the 
models to predict nucleation and accumulation mode PNCs is assessed (see Appendix D, 
Figure D1-2). It was observed that at 3-way TI, CALINE4 predicted PNCs in nucleation mode 
satisfactorily with FAC2 and FB value of 1.4 and 0.12, respectively. The corresponding values 
for CAL3QHC were 0.8 and 0.15, respectively. At 4-way TI, none of the models predicted the 
nucleation mode particles satisfactorily as the FAC2 values were 0.5 for both the models and 
FB values were 0.33 and 0.32 for CALINE4 and CAL3QHC, respectively. For PNCs in 
accumulation mode, the performance of both the models was not satisfactory at both the studied 
TIs (Appendix D Figure D2).  
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Figure 9.3. (a) Comparison of measured and PNCs predicted by CAL3QHC and (b) CALINE4 
at 3-way TI. (c) and (d)  shows a comparison of PNCs predicted by CAL3QHC and CALINE4 
and measured PNCs based on wind direction at 3-way TI. (e) and (f) shows the comparison of 
PNCs predicted by CALINE4and CAL3QHC and measured PNCs based on wind speed at 3-
way TI. Blue dotted line represents 1:1 line and grey solid lines represent FAC2 lines. 
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Figure 9.4. (a) Comparison of measured and 
PNCs predicted by CAL3QHC and (b) CALINE4 at 4-way TI. (c) and (d)  shows a comparison 
of PNCs predicted by CAL3QHC and CALINE4 and measured PNCs based on wind direction 
at 4-way TI. (e) and (f) shows the comparison of PNCs predicted by CALINE4and CAL3QHC 
and measured PNCs based on wind speed at 4-way TI. Blue dotted line represents 1:1 line and 
grey solid lines represent FAC2 lines. 
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Above discussions showed that measured driving profiles play an important role in 
predicting total PNCs accurately at two TIs in breathing zone i.e. at height of 1.5 m. The 
CALINE4 model predicted the total PNCs and nucleation mode particles satisfactorily at 3-
way TI, while both model performances were unsatisfactory at 4-way TI. None of the models 
could predict the accumulation mode particles satisfactorily at both the TIs. After assessing the 
performance of models at height of 1.5 m, modelling exercise is performed for a receptor 
located at 4 different heights at 3- and 4-way TIs and results are presented in Section 9.3.2. 
 
9.3.2 Modelling of vertical profiles at 3- and 4-way TI 
To assess the performance of models in the vertical direction, modelling is performed 
for a receptor located at a height of 1m (i.e. z1); 1.5m (i.e. z2), 2.5 m (i.e. z3) and 4.7 m (i.e. 
z4) near the 3- and 4-way TIs and results are presented in Figure 9.5. At 3-way TI, as expected 
both CAL3QHC and CALINE4 predicted decreasing total PNCs with increasing height, which 
are nicely correlated with measured concentrations (i.e. R2 ≥0.5) at all four heights (Figure 9.5, 
D3 and D4) and well within the agreement with other studies (Imhof et al., 2005; Zhu and 
Hinds, 2005; Kumar et al., 2008c; He and Dhaniyala, 2012; Nakashima et al., 2014). However, 
based on average FAC2 and FB criteria, the performance of both the models was unsatisfactory 
as the average FAC2 value was < 1 at all heights (see Table 9.8 and 9.9). This under-prediction 
of total PNCs may happen as transformation processes are not considered by CALINE4 and 
CAL3QHC.  
 
212 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.5. Comparison between measured and predicted total PNCs at height of 1.0, 1.5, 2.5 
and 4.7 m at 3-way TI by (a) CAL3QHC; (b) CALINE4 and (c) comparison of the shape of the 
vertical profile of PNCs predicted by CAL3QHC and CALINE4 with the monitored profile. 
(d), (e) and (f) show similar results for 4-way TI. Blue dotted line represents 1:1 line. 
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Table 9.8. FAC2 values ±σ for model predictions of Total PNCs. Numbers in the bracket 
represents the range and σ is the standard deviation. 
3-way TI 
Height (m) CAL3QHC CALINE4 
Z1 (1.0 m) 0.48±0.05 (0.43-0.60) 0.88±0.13 (0.66-1.04) 
Z2 (1.5 m) 0.49±0.06 (0.43-0.62) 0.91±0.12 (0.69-1.05) 
Z3 (2.5 m) 0.47±0.05 (0.43-0.58) 0.82±0.10 (0.62-0.93) 
Z4 (4.7 m) 0.45±0.04 (0.42-0.54) 0.70±0.07 (0.57-0.77) 
4-way TI 
Z1 (1.0 m) 0.15±0.08 (0.08-0.34) 0.33±0.28 (0.09-1.16) 
Z2 (1.5 m) 0.15±0.07 (0.08-0.34) 0.31±0.28 (0.09-1.23) 
Z3 (2.5 m) 0.16±0.12 (0.07-0.51) 0.31±0.29 (0.08-1.19) 
Z4 (4.7 m) 0.22±0.09 (0.12-0.47) 0.32±0.24 (0.18-1.10) 
 
Table 9.9. FB values ±σ for model predictions of Total PNCs. Numbers in the bracket 
represents the range and σ is the standard deviation. 
3-way TI 
Height (m) CAL3QHC CALINE4 
Z1 (1.0 m) 0.71±0.09 (0.50-0.80) 0.14±0.15 (0.42- (-0.04)) 
Z2 (1.5 m) 0.70±0.11 (0.46-0.79) 0.10±0.14 (0.37- (-0.05)) 
Z3 (2.5 m) 0.73±0.09 (0.54-0.80) 0.20±0.13 (0.47-0.08) 
Z4 (4.7 m) 0.77±0.07 (0.60-0.83) 0.36±0.11 (0.56-0.26) 
4-way TI 
Z1 (1.0 m) 1.49±0.2 (0.98-1.70) 1.11±0.5 (-0.15-1.69) 
Z2 (1.5 m) 1.50±0.2 (0.98-1.70) 1.14±0.5 (-0.21-1.67) 
Z3 (2.5 m) 1.47±0.3 (0.65-1.73) 1.16±0.5 (-0.18-1.71) 
Z4 (4.7 m) 1.30±0.2 (0.71-1.57) 1.09±0.4 (-0.09-1.40) 
 
At 4-way TI, both the models could not either predict the shape of the vertical profile 
(Figure 9.4, D3-4) or performed satisfactorily for total PNCs at different heights (Table 9.8 and 
9.9), which shows that same dispersion model, cannot be applied to every intersection.  
For PNCs in nucleation mode, at 3-way TI, CALINE4 model predicted the vertical 
profile and concentrations much closer to monitored values as compared to CAL3QHC, while 
none of the models could predict the nucleation mode particles at 4-way TI (see Figure 9.6, 
D5-6 and Table 9.10 and 9.11). CALINE4 performed satisfactorily at z1 and z2 at 3-way TI, 
while none of the models performed satisfactorily at 4-way TI (see Table 9.10 and 9.11).  For 
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PNCs in accumulation mode, none of the models mimicked the shape and PNCs at different 
heights at both the TIs (see Appendix Figure D7-9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.6. Comparison between measured and predicted PNCs in nucleation mode at height 
of 1.0, 1.5, 2.5 and 4.7 m at 3-way TI by (a) CAL3QHC; (b) CALINE4 and (c) comparison of 
the shape of the vertical profile of PNCs predicted by CAL3QHC and CALINE4 with the 
monitored profile. (d), (e) and (f) show similar results for 4-way TI. Blue dotted line represents 
1:1 line. 
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Table 9.10. FAC2 values ±σ for model predictions of PNCs in nucleation mode. Numbers in 
the bracket represents the range and σ is the standard deviation. 
3-way TI 
Height (m) CAL3QHC CALINE4 
Z1 (1.0 m) 0.65±0.10 (0.53-0.85) 1.11±0.23 (0.71-1.55) 
Z2 (1.5 m) 0.65±0.09 (0.53-0.83) 1.13±0.23 (0.76-1.38) 
Z3 (2.5 m) 0.60±0.09 (0.49-0.77) 0.99±0.20 (0.67-1.38) 
Z4 (4.7 m) 0.61±0.08 (0.53-0.78) 0.90±0.14 (0.65-1.18) 
4-way TI 
Z1 (1.0 m) 0.16±0.08 (0.10-0.34) 0.40±0.34 (0.10-1.40) 
Z2 (1.5 m) 0.16±0.07 (0.10-0.34) 0.38±0.34 (0.11-1.50) 
Z3 (2.5 m) 0.17±0.11 (0.08-0.48) 0.36±0.34 (0.11-1.50) 
Z4 (4.7 m) 0.25±0.09 (0.14-0.50) 0.41±0.31 (0.23-1.40) 
 
Table 9.11. FB values ±σ for model predictions of PNCs in nucleation mode. Numbers in the 
bracket represents the range and σ is the standard deviation. 
3-way TI 
Height (m) CAL3QHC CALINE4 
Z1 (1.0 m) 0.44±0.62 (0.14-0.16) -0.08±0.21 (0.34-  -0.43) 
Z2 (1.5 m) 0.44±0.62 (0.14-0.19) -0.10±0.20 (0.27-  -0.44) 
Z3 (2.5 m) 0.51±0.68 (0.13-0.26) 0.03±0.20 (0.40-  -0.44) 
Z4 (4.7 m) 0.49±0.61 (0.24-0.12) 0.12±0.16 (0.43-  -0.16) 
4-way TI 
Z1 (1.0 m) 1.46±1.65 (0.22-0.99) 0.40±0.34 (0.10-1.40) 
Z2 (1.5 m) 1.46±1.64 (0.19-0.98) 0.38±0.34 (0.11-1.50) 
Z3 (2.5 m) 1.46±1.70 (0.70-0.28) 0.36±0.34 (0.11-1.50) 
Z4 (4.7 m) 1.23±1.51 (0.66-0.21) 0.41±0.31 (0.23-1.40) 
 
Further, to enhance the applicability of these models to other similar types of TIs, the 
correlation between modelled and measured PNCs for three different size ranges is derived 
(see Appendix D, Figure D3-9). These correlations can be used to correct the modelled PNCs 
at other 3- and 4-way TIs.  
Above discussions showed that same model cannot be applied to each and every TI 
for receptors located at different heights. CALINE4 and CAL3QHC mimicked vertical profile 
of the total PNCs and PNCs in nucleation mode at 3-way TI, while none of the models could 
mimic the profile of accumulation mode particles. At 4-way TI, none of the models could 
mimic the PNCs profile in three different size ranges. This section has assessed the 
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performance of selected models for a receptor located at different heights, and in the next 
section models’ capability is assessed in predicting PNCs at different horizontal distances from 
the TIs. 
9.3.3 Modelling of horizontal profile at 4-way TI 
Figure 9.7 shows the measured and modelled total PNCs and PNCs in nucleation and 
accumulation mode at five different points on leg3 and 4 of a 4-way TI. As expected, the 
maximum total PNCs were noted close to stop line (i.e. at 20 m) on leg3, this is well within the 
agreement with the other studies (Wang et al., 2008; Johnston et al., 2013; Jayaratne et al., 
2010). On leg4, maximum total PNCs were observed at 60 m, which is opposite to the entrance 
of the hospital.  Both the models i.e. CAL3QHC and CALINE4 mimicked the measured profile 
on leg3 and 4 for all three size ranges i.e. total PNCs, nucleation mode and accumulation mode 
except for nucleation mode on leg4 (Figure 9.7).  
Further inspection of measured and modelled PNCs showed that the contributions of 
nucleation and accumulation mode particles to total PNCs modelled by both the models are 
similar to measured contributions on leg3 at all points except P1, which is near the stop line 
(Figure 9.8). It shows that these models are not good for predicting PNCs in different size 
ranges near stop line as the situation is more dynamic with frequent traffic driving changes in 
this zone (Section 2.4).  On leg4, contributions of nucleation and accumulation mode particles 
in total PNCs modelled by CAL3QHC were much closer to measured contributions as 
compared to CALINE4 (Figure 9.8). This may happen as CAL3QHC accounts for traffic 
driving changes due to the signal by using queuing algorithm while no such algorithm is there 
in CALINE4 (Dirks et al., 2003).  
217 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.7. (a) and (b) shows the comparison of measured total PNCs with total PNCs modelled 
by CAL3QHC and CALINE4 at leg3 and 4 of a 4-way TI, respectively. Corresponding results 
for N5-30 are shown in (c) and (d), respectively and for N30-300 are shown in (e) and (f), 
respectively. 
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Figure 9.8. Comparison of modelled and measured contributions of N5-30 and N30-300 to total 
PNC at five different points on leg3 and 4 of a 4-way TI. Outermost circle shows the measured 
contributions, the middle circle shows the contributions modelled by CAL3QHC and innermost 
represents the modelled contributions by CALINE4. 
 
Above discussion concluded that both CAL3QHC and CALINE4 mimicked the 
horizontal profile on leg3 of a 4-way TI for all three size ranges. While only CAL3QHC 
mimicked the measured profile well on leg4 of the 4-way TI for total PNCs and nucleation 
mode particles.  
9.4 Summary and conclusions 
The PNCs in three size ranges (i.e. 5-560, 5-30 and 30-300 nm) were modelled by 
using freely available air quality dispersion models (i.e. CAL3QHC and CALINE4) at the 3- 
and 4-way TIs. The aims were to assess the performance of these models to predict PNCs at 
receptor located at four different heights and at five different horizontal distances at a TI. 
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The following conclusions are drawn: 
 It was found that monitored driving profiles played an important role in predicting 
PNCs accurately at two TIs in the breathing zone. The CALINE4 model predicted the 
total and nucleation mode PNCs satisfactorily at 3-way TI only. 
 It was found that same model cannot be applied to predict vertical profile of PNCs at 
each and every TI. At 3-way TI only, CALINE4 and CAL3QHC mimicked the vertical 
profile of total and nucleation mode PNCs. 
 Both the models behaved differently on two different legs of the same TI. Both 
CAL3QHC and CALINE4 mimicked the measured horizontal profile on leg 3 while 
only CAL3QHC did the same on leg4 of a 4-way TI.  
This is one of the limited studies, and the most comprehensive to date, comparing 
freely available dispersion models (i.e. CALINE4 and CAL3QHC) for gaseous and PM 
pollutants to predict PNC at a TI on an hourly time-scale. We showed that studied dispersion 
models agree in some, but not all, likely meteorological scenarios, receptor locations near TIs 
and size ranges of the particles. These findings are important because exposure assessment and 
epidemiology of traffic-related air pollution are increasingly incorporating participant time-
activity patterns (Patton et al., 2017). Therefore, understanding the errors in different dispersion 
models over short periods is valuable for predicting potential biases in exposure assessment for 
those models (Patton et al., 2017). Based on the modelling results, it is recommended that 
researchers carefully consider the impacts of choice of dispersion model on PNC predictions 
at TIs.  
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Chapter 10 
SUMMARY, CONCLUSIONS AND FUTURE WORKS 
This chapter presents a summary and conclusion drawn from the preceding chapters. It also 
highlights research gaps and presents recommendations for future research.    
 
10.1 Summary 
Air pollution becomes a prominent issue at urban traffic hotspots such as TIs 
throughout the world due to the creation of pollution pocket by changing driving condition. 
Nanoparticles and particulate matter emitted from traffic at urban traffic hotspots may 
adversely affect the respiratory health of receptor residing in the close vicinity of the TIs, 
pedestrian and travellers (Goel and Kumar, 2015a; 2016a, b). This research thus set out to 
conduct a set of mobile and fixed-site field measurements to understand dynamic and 
dispersion and to estimate exposure of nanoparticles and particulate matter arising from traffic 
at TIs. Chapter 1 outlined the background, motivation, objectives and approach of this thesis. 
A comprehensive literature review of the existing knowledge and relevant published studies of 
airborne nanoparticles and particulate matter are presented in Chapter 2. This chapter also 
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presents a critical assessment of the important aspects of traffic and wind flow features, 
emissions, particle dynamics and dispersion modelling of nanoparticles at TIs. Implications of  
PNCs at  TIs towards the exposure to traffic-emitted nanoparticles are also discussed along 
with highlighting key areas for further research. A need for more field studies is recognised 
since these are crucial for the improved understanding of  particle transformation,  dispersion 
and  associated exposure  at the  TIs.   
A set of field measurements were set up in order to fill the research gap, as reviewed 
in Chapter 2, so as to achieve the research objectives described in Chapter 1. Chapter 3 focused 
on the methodologies, materials and methods which were used in the experiments. The 
following chapters (Chapters 4-9) presented the results obtained from the field experiments, 
with a related discussion about the measurements of particle number and mass concentrations 
and size distributions and dispersion modelling of PNCs at TIs. The summary of conclusions 
of results of field experiments and dispersion modelling was described in the subsequent 
Section 9.2 and recommendations for future research in Section 9.3. 
10.1.1 Experimental Campaign 1 - Mobile measurements 
Quantification of the disproportionate contribution made by TIs to overall daily 
commuting exposure is important but barely known. We carried out mobile measurements in 
a car for size-resolved PNCs in the 5-560 nm range under five different ventilation settings on 
a 6 km long busy round route with 10 TIs. These ventilation settings were windows fully open 
and both outdoor air intake from fan and heating off (Set1), windows closed, fan 25% on and 
heating 50% on (Set2), windows closed, fan 100% on and heating off (Set3), windows closed, 
fan off and heating 100% on (Set4), and windows closed, fan and heating off (Set5). 
Measurements were taken sequentially inside and outside the car cabin at 10 Hz sampling rate 
using a solenoid switching system in conjunction with a fast response differential mobility 
spectrometer (DMS50). The objectives were to: (i) identify traffic conditions under which TIs 
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becomes hot-spots of PNCs, (ii) assess the effect of ventilation settings in free-flow and delay 
conditions (waiting time at a TI when traffic signal is red) on in-cabin PNCs with respect to 
on-road PNCs at TIs and (iii) deriving the relationship between the PNCs and change in driving 
speed during delay time at the TIs. Congested TIs were found to become hot-spots when the 
vehicle accelerates from idling conditions. In-cabin peak PNCs followed the similar temporal 
trend as for on-road peak PNCs. Reduction in in-cabin PNC with respect to outside PNC was 
highest (70%) during free-flow traffic conditions when both fan drawing outdoor air into the 
cabin and heating was switched off. Such a reduction in in-cabin PNCs at TIs was highest 
(88%) with respect to outside PNC during delay conditions when the fan was drawing outside 
air at 25% on and heating was 50% on settings. PNCs and change in driving speed showed an 
exponential-fit relationship during the delay events at TIs. This study highlights a need for 
more studies covering diverse traffic and geographical conditions in urban environments so 
that the disparate contribution of exposure at TIs can be quantified. 
10.1.2 Estimation of ZoI 
Estimation of ZoI at TI is important to accurately model PNCs and their exposure to 
the public at emission hotspot locations. However, estimates of ZoI for PNCs at different types 
of TIs are barely known. We carried out mobile measurements inside the car cabin with 
windows fully open for size-resolved PNCs in the 5-560 nm range on a 6 km long busy round 
route that had 10 TIs. These included four-way TIs without built-up area (TI4w-nb), four-way 
TIs with the built-up area (TI4w-wb), three-way TIs without built-up area (TI3w-nb) and three-way 
TIs with the built-up area (TI3w-wb). Mobile measurements were made with a fast response 
differential mobility spectrometer (DMS50). Driving speed and position of the car were 
recorded every second using a GPS. Positive matrix factorisation modelling was applied to the 
data to quantify the contribution of PNCs released during deceleration, creep-idling, 
acceleration and cruising to total PNCs at the TIs. The objectives were to address the following 
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questions: (i) how does ZoI vary at different types of TIs in stop- and go-driving conditions?, 
(ii) what is the effect of different driving conditions on ZoI of a TI?, (iii) how realistically can 
the PNC profiles be generalised within a ZoI of a TI?, and (iv) what is the share of emissions 
during different driving conditions towards the total PNCs at a TI? Average length of ZoI in 
longitudinal direction and along the road was found to be highest (148 m; 89 to –59 m from 
the centre of a TI) at a TI3w-wb, followed by TI4w-nb (129 m; 79 to  –42 m), TI3w-nb (86 m; 71 to 
–15 m) and TI4w-wb (79 m; 46 to –33 m) in stop- and go-driving conditions. During multiple 
stopping driving conditions when a vehicle stops at a TI more than once in a signal cycle due 
to oversaturation of vehicles, the average length of ZoI increased by 55, 22 and 21% at TI4w-nb, 
TI3w-nb and TI3w-wb, respectively, compared with stop- and go-driving conditions. Within the 
average length of ZoI in stop- and go- driving conditions, PNCs followed a three degree 
polynomial form at all TIs.  Dimensional analysis suggested that coefficients of polynomial 
equations at both four-way and three-way TIs were mainly influenced by the delay time, wind 
speed and particle number flux. The PMF analysis suggested that deceleration contributed the 
most to total PNCs at all TIs, except TI4w-wb. Findings of this study are a step forward to 
understand the contribution of different driving conditions towards the total PNCs and their 
exposure at the TIs. 
10.1.3 Experimental campaign 2-Fixed site measurements 
Vertical and horizontal variations of particle number concentration (PNC) are rarely 
studied. We measured size-resolved PNCs in the 5-560 nm range at two different types (4- and 
3-way) of TIs in Guildford (Surrey, UK) at fixed sites (~1.5 m above the road level), 
sequentially at 4 different heights (1, 1.5, 2.5 and 4.7 m), and  along the road at five different 
horizontal distances (10, 20, 30, 45 and 60 m). The aims were to: (i) assess the differences in 
PNCs measured at studied TIs, (ii) identify the best fit probability distribution curves for the 
PNC data, (iii) determine vertical and horizontal decay profiles of PNCs and (iv) estimate 
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particle number emission factors (PNEFs) under congested and free-flow traffic conditions. 
Daily averaged particle number distribution (PNDs) at the TIs reflected the effect of fresh 
emissions with peaks at 5.6, 10 and 56 nm. Despite the relatively high traffic volume at 3-way 
TI, average PNCs at 4-way TI were about twice as high as at 3-way TI, demonstrating the effect 
of less favourable dispersion conditions. Generalised extreme value distribution fitted well to 
PNC data at both TIs. Vertical PNC profiles followed an exponential decay, which was much 
sharper at 4-way TI than at 3-way TI. Due to the sharper decay of PNCs at 4-way TI, the people 
residing at upper heights (i.e. 4.7 m) close to the 4-way TI will have almost half (i.e. 40%) of 
the exposure to PNCs as compared to those at ground floor (i.e. 1 m). The contrasting trend in 
vertical profiles (i.e. an increase in PNCs at the 3-way TI as opposed to a decrease in PNCs at 
the 4-way TI from 1.5 to 1 m height) is observed. This can be explained by 2% higher volume 
of HDV at 3-way as compared to 4-way, as HDV has tailpipe (i.e. 0.7 m) closer to sampling 
location (i.e. 1m). Comparison of the slope of horizontal and vertical profiles indicated much 
sharper (~132-times larger) decay in the vertical direction than in horizontal direction, mainly 
due to the close vicinity of road vehicles during the along-road measurements. Over an order 
of magnitude higher PNEFs were found during congested “red traffic signal” compared with 
free flow “green signal” conditions.  
10.1.4 Mobile measurements and fixed-site measurements for PMCs 
Understanding of rapidly evolving concentrations of PMC at TIs is limited but 
important for accurate exposure assessment. We performed “mobile” and “fixed-site” 
monitoring of size-resolved PMCs in the 0.25-34 µm range at TIs. Mobile measurements were 
made inside a car under five different ventilation settings on a 6 km long round route, passing 
through 10 different TIs. Fixed-site measurements were conducted at two types (3- and 4-way) 
of TIs. The aims were to address various poorly understood questions: (i) what is the effect of 
different ventilation settings on in-vehicle PMCs on the overall route?, (ii) how does the 
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concentration level vary during congested traffic conditions at the TIs compared with free-flow 
traffic conditions on the rest of the route?, (iii) how does the length of the zone of influence 
(ZoI) vary at different types of TIs under stop and go driving conditions? and (iv) what is the 
distribution of different PM types (PM10, PM2.5 and PM1). As opposed to PM1, in-cabin PM10 
correlated negatively in a linear form with air exchange rate under different ventilation settings; 
no such correlations were observed for PM2.5. The maximum length of ZoI for PM2.5 and PM1 
was highest at 4-way TI and for PM10 at 3-way TI. On-road average RDD rate of PM10 was up 
to 7.3-times to those for pedestrians at TIs. 
10.1.5 Exposure estimation of nanoparticles and particulate matter at TIs 
Estimation of exposure at (i.e. on-road and in-cabin) and around (i.e. pedestrian) TIs 
is important for devising mitigation measures but rarely studied. We have used the data 
collected during “mobile” and “fixed-site” campaign to answer the following question: (i) what 
is the contribution of exposure at TIs to overall commuting exposure? (ii) how does the in-
cabin exposure to nanoparticles and PMCs vary under different ventilation settings at TIs? and 
(iii) what is the exposure of pedestrian to nanoparticles and PMCs at two different types of TIs 
(i.e. 3- and 4-way)? For nanoparticles, about 2% of the time spent in car corresponded to 25% 
of total respiratory deposition doses (RDD). Similar findings for PM showed that about 15% 
of commuting time spent during delay conditions at the TIs corresponded to 28, 16 and 23% 
of total RDD for PM10, PM2.5 and PM1, respectively. Windows fully closed with fan and 
heating switched off (Set5) emerged as best ventilation setting resulting in 75% and 76% 
reduction in RDD rate of in-cabin nanoparticles and PM1, respectively with respect to on-road 
RDD rate. While, windows fully closed and fan 100% on (Set3) emerged as best ventilation 
setting resulting in 54% and 68% reduction in RDD rate of PM10 and PM2.5, respectively. For 
nanoparticles, average RDD rate for a pedestrian at 4-way TI during congested conditions were 
up to 14-times higher than those at 3-way TI (1.20×1011 h˗1). For particulate matter, median 
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RDD rates of PM10 for pedestrian were found to be 13 and 11 µg h–1 at 3– and 4-way TIs, 
respectively. Corresponding values for PM2.5 were 5 and 6 µg h–1 at 3- and 4-way TIs, and for 
PM1 as 3 and 5 µg h–1 at 3- and 4-way TIs, respectively.  These RDD rates for different PM 
types at 3- and 4-way TIs are close to each other. 
10.1.6 Assessing the performance of dispersion models for nanoparticles at TIs 
Performance evaluations are necessary to assess the suitability of air pollution models 
designed for TI for PNC. Aim of the study was to evaluate the ability of the dispersion models 
(CALINE4 and CAL3QHC) to predict PNCs in three size ranges (i.e. 5-560, 5-30 and 30-300 
nm referred as total, nucleation mode and accumulation mode PNCs, respectively) within in 
the breathing zone (i.e. at a height of 1.5 m); in vertical direction at four different heights (i.e. 
1, 1.5, 2.5 and 4.7 m) and in horizontal direction at five different distances (i.e. 10, 20, 30, 45 
and 60 m) at 3- and 4-way TI located in typical UK town. Results of fixed site measurements 
were used to assess the performance of two models. In breathing zone at 3-way TI, for total 
and nucleation mode PNCs, CALINE4 performed satisfactorily, while both the studied models 
i.e. CALINE4 and CAL3QHC have performed unsatisfactorily at 4-way TI for all three size 
ranges. In vertical direction at 3-way TI, both the models mimicked the shape of the vertical 
profile of total and nucleation mode PNCs while none of the models could predict monitored 
profile for all three size ranges at 4-way TI. Both CAL3QHC and CALINE4 mimicked the 
measured horizontal profile on leg 3 of the 4-way TI while only CAL3QHC did the same on 
leg4 of a 4-way TI. Our results demonstrate the importance of selecting different models 
according to particle size range and receptor height and distances from the TI.  
10.2 Conclusions 
This thesis presents a comprehensive data set on particle number and mass 
concentration and distribution at urban traffic hotspot i.e. TI. The key conclusions obtained 
from the overall analysis covered in the chapters of this thesis are summarised as follows: 
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 TIs become hotspots under delay condition. PNDs during the delay and free-flow 
conditions at TIs were similar, however peak in nucleation mode during delay condition 
was found to be ~14-times higher than that observed during the free-flow conditions. 
Average PNCs at TIs during delay conditions can be up to 29-times higher as compared to 
free-flow conditions due to changes in driving (deceleration, idling and acceleration) 
conditions at the TIs. The largest PNCs were found during delay conditions at the TIs when 
test vehicle was accelerating either in the proximity of tailpipe of a preceding vehicle or 
running in a parallel lane. Similar results for PMCs showed that median PM10, PM2.5 and 
PM1 concentrations during delay periods at TIs were up to 40, 16 and 17% higher than 
those during free-flow conditions. 
 In-cabin average PNCs were found to be largely dependent on the AER. For example, 
maximum reduction (~75%) in in-cabin PNCs with respect to outside PNCs was observed 
when AER was nearly the lowest (e.g. ~17 m3 h-1 during Set5). Variations in heating inside 
the car did not show any significant impact on in-cabin PNCs. While the in-cabin mass 
concentration of coarse (PM2.5-10) and fine particles (PM2.5), were affected differently by 
the AER. Contrary to fine particles, mass concentrations of coarse particles decreased with 
an increase in AER. 
 During stop and go driving conditions, the maximum length of the road up to which high 
PNCs can be observed due to the presence of a TI was found to be the largest (379 m) at 4-
way TI with no built-up area and smallest at 4-way TI with the built-up area (120 m). 
Indicating that receptors located even at a farther distance from the 4-way TI with no built-
up area will be exposed to peak PNCs emitted due to the presence of a traffic signal. For 
PMCs, the maximum length of road affected due to the presence of traffic signal was the 
largest for PM10 at 3-way TI with no built-up area. 
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 The results of PMF modelling suggested that, irrespective of any type of a TI, average 
contribution towards PNCs was highest during deceleration (48±22%), followed by 
acceleration (23±9%), cruising (22±12%) and idling (8±5%). It indicates that change in 
driving conditions of road vehicles due to the presence of traffic signals is a major cause 
for higher PNCs at TIs.  
 Irrespective of any type (i.e. 3- or 4-way) of a TI, similar shape of PNDs were observed at 
all the 4 different heights showing that the competing influences of transformation 
processes are generally over by the time plume reach to vertically placed sampling points. 
At both the TIs, vertical profiles of PNCs followed an exponential decay, with a much 
sharper decay at the 4-way TI compared with 3-way TI. 
 Horizontal profiles also exhibited an exponential decay profile of the PNCs with the 
increasing distance from the centre of a TI at both the legs of a 4-way TI. The slope of 
horizontal decay was flatter than that seen in the case of vertical profiles, indicating that 
PNC decay is up to 132-times faster in vertical direction compared with the horizontal 
direction. This decay is mainly due to measurements were taken in the close vicinity of 
sources in the horizontal direction. In the case of PMCs, all three i.e. PM10, PM2.5 and PM1 
decayed logarithmically with an increase in horizontal distance from the centre of a TI.  
 It is found that RDD rate of nanoparticles during delay period at TIs can be up to 7-times 
higher than those during the rest of the journey period. In fact, about 2% of journey time 
exposure under delay conditions at TIs found to contribute up to ~25% of total commuting 
exposure doses. In the case of PMCs, only about 7% of the commuting time spent under 
delay conditions at TIs over all the runs was found to contribute 10, 7 and 8% of total 
commuting exposure to PM10, PM2.5 and PM1, respectively. 
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 It is found that freely available air pollution dispersion models can be used for PNCs at TIs, 
however, the performance of model differ according to different size ranges, receptor 
heights and distances from the TI. 
10.3 Recommendations for future research 
The subject and area of research offer a good scope for future work to understand the 
dispersion mechanism, exposure and mitigation methods. There are some recommendations 
that should be considered for future work:  
 The findings of mobile measurements have implications for the commuters as well as 
regulatory authority, which are unaware of the disproportionate contribution made by 
exposure at TIs to overall commuting exposure. Further studies covering a diverse range of 
TIs in different geographical settings are needed to develop a database that could assist in the 
better estimation of the contribution of exposure to nanoparticles and particulate matter at 
TIs towards the daily commuting exposure in diverse city environments.  
 These high levels of nanoparticles at TIs suggest that there is a need for appropriate and 
detailed risk mitigation strategies to limit the exposure of travellers. We have also interpreted 
profiles of PNC within the length of the road that is affected by high PNCs due to the presence 
of a signal in terms of physically known parameters based on dimensional analysis. Further 
field measurements are recommended to perform in different metrological conditions at 
different types of TIs to generalise our results in diverse geographical settings elsewhere. 
These results can be used in future dispersion modelling studies at TIs. 
 The findings of fixed-site measurements will enable relevant studies to accurately predict 
PNCs and hence people’s  exposure at the  TIs.  Further research is required to estimate the 
rate of decrease in exposure to  PNCs with height at different types of TIs in varying 
230 
 
meteorological conditions so as to define the limit of exposure for receptor residing nearby 
TIs.  
 Modelling exercise conducted in this thesis is one of the first attempts that has assessed the 
freely available dispersion models i.e. CALINE4 and CAL3QHC of gaseous and PM to 
predict PNC at a TI on an hourly time-scale. Further such studies assessing the performance 
of freely available models at different types of TIs located in different geographies are 
required. 
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Appendix A: Time Scale Analysis 
A1 Time scale analysis 
Time scale analysis is carried out to assess the relative importance of various transformation 
processes in any environment. These time scales might be thought of a relative measure of the time 
taken to reduce the concentration of particles in the street, if the source was turned off. Thus a short 
time scale indicates a strong process. Detailed calculations of time scale analysis of nucleation, dilution, 
deposition, coagulation and condensation at TIs is explained below. 
A1.1 Nucleation 
Time scale of particles produced due to nucleation is calculated by using the relationship 
provided in Kerminen et al. (2004). 
ேܶ௨௖ = ܰே௨௖/ܬே௨௖ 
Where TNuc is time scale of nucleation; NNuc is number concentration of nucleation mode particles and 
JNuc is production rate of nucleation mode particles. Production rate is assumed to 103 cm-3sec-1 (Chen 
et al., 2012). TNuc at TI is estimated ~ 80s.  For street canyon, average concentration of nucleation mode 
particles (~ 8×103 cm-3) is taken from (Kumar et al., 2008b) and production rate is assumed to be same 
as TI. TNuc for street canyon is estimated to be ~10 s. 
A1.2 Condensation 
The Condensation will not change the PNCs but affects the size distributions of particles.  
Kulmala et al. (2004) reported the growth rate of 1-20 nmh-1 for rural and urban environments 
depending upon the temperature and variability in condensable vapour. Depending upon the ambient 
conditions of study location, growth rate may increase or decrease. In this review, we have estimated 
time scale. Time scale of condensation ( cond ) is calculated on the basis of equation given in Ketzel and 
Berkowicz (2004). 
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Where ),( tDn p  linear size distribution and I is condensational growth rate. Condensation time scales 
were estimated for both extreme growth rates i.e. 1 and 20 nm h-1 conditions for N8-300 (GMD ~22 nm). 
The cond  at TIs varies from 8×10
4 s to 4×103 s.  
A1.3  Other Processes 
Time scale of dilution, deposition and coagulation are deduced from the Figure 3 given in 
Kumar et al. (2011b), which is based on the methodology proposed in Ketzel and Berkowicz (2004). 
Based on the review of field studies presented in Table A1, the maximum PNCs at urban TIs are 
expected to be ~5.4×105 cm-3, approximate timescale for dilution, deposition and coagulation are found 
to be ~102, 103 and 5×103 seconds.  
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Table A1. Summary of studies providing average PNCs and GMDs in various environments. 
Size range (nm) PNC (cm-3) Mean diameter, nm (% 
fraction of PNCs) 
Reference 
Street canyon studies 
4.8-800 12872 37 von Bismarck-Osten et al. 
(2013) 
19-600 22941 35 von Bismarck-Osten et al. 
(2013) 
7-1000 28032 - Reche et al. (2011) 
7-1000 22156 - Reche et al. (2011) 
10-2500 3020 16.4 (70%), 64.7 (30%) Kumar et al. (2008b) 
20-500 12367 - Can et al. (2011) 
20-750 40000 - Weber (2009) 
3-800 17119 - Voigtländer et al. (2006) 
6-300 39000 - Väkevä et al. (1999) 
3-800 55000 - Wehner et al. (2002) 
Road side studies 
25-25000 11000 - Ondráček et al. (2011) 
10-702 36000 - Gramsch et al. (2009) 
>10 19576 - Putaud et al. (2010) 
>10 78401 - Putaud et al. (2010) 
>10 29181 - Putaud et al. (2010) 
>10 30839 - Putaud et al. (2010) 
6-225 3600 7.76 (6%), 15.6 (46%), 49.5 
(43%), 154 (4%) 
Lingard et al. (2006) 
5-800 28000 - Birmili et al. (2013) 
20-750 16789 - Weber (2009) 
10-500 28000 18 (56%), 58 (32%), 138 
(12%) 
Birmili et al. (2009) 
3-10000 67000 16.6 (95%); 122 (5%) Pirjola et al. (2006) 
>10 38635 - Boogaard et al. (2010) 
6-700 19224 - Wåhlin (2009) 
25-2500 35900 - Ondráček et al. (2011) 
6-560 38400 - Westerdahl et al. (2009) 
Urban background 
5.8-700 5287 52 von Bismarck-Osten et al. 
(2013) 
4.8-800 9398 42 von Bismarck-Osten et al. 
(2013) 
19-600 6680 45 von Bismarck-Osten et al. 
(2013) 
3.4-1000 7231 43 von Bismarck-Osten et al. 
(2013) 
5-1000 16847 - Reche et al. (2011) 
7-1000 14945 - Reche et al. (2011) 
7-1000 12134 - Reche et al. (2011) 
5-800 9400 - Birmili et al. (2013) 
5-800 5800 - Birmili et al. (2013) 
5-800 5400 - Birmili et al. (2013) 
>10 13289 - Boogaard et al. (2010) 
7-6600 68120 18.9 (90%), 75.1 (10%) Virtanen et al. (2006) 
Traffic intersection 
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25-2500 11600 - Ondráček et al. (2011) 
>10000 30000 45 Morawska et al. (2004) 
>10000 22000 59 Morawska et al. (2004) 
7-290 66000 - Wang et al. (2008) 
8-300 91000 22.4 Fujitani et al. (2012) 
5-2000 62000 - Tsang et al. (2008) 
7-290 66000 - Wang et al. (2008) 
6-700 31897 - Oliveira et al. (2009) 
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Appendix B: Parametrisation 
B1  Parametrisation of PNCs profiles in ZoI 
An attempt was made to represent the coefficient of the polynomial Eq. (B1) in 
physically known parameters such as particle number emission factor (PNF) (# cm–2 s–1), wind 
speed (u) (m s–1), average driving speed (v) (m s–1), average acceleration or deceleration with 
in ZoI (m s–2), number of lanes at a TI, delay time at a TI (t) (s), width of the roads intersecting 
at a TI (m) and height of buildings around a TI (h) at a TI based on dimensional homogeneity 
of the Eq. (B)1. Parametrisation of Eq. (B1) is a first step in the direction of development of 
dispersion model for PNCs that can be used at TIs. As highlighted in the literature review (i.e. 
Chapter 2) that there is hardly any dispersion model exists for the PNCs which could be used at the 
TIs due to a complex interplay among emission, dispersion and transformation processes.  
  A generalised form of the polynomial equation is: (PNC)୶ = axଷ + bxଶ + cx + d                                                                                     (B1) 
Based on the dimensional homogeneity of the Eq. (B1), the dimension of a, b, c and d should 
be # cm–6, # cm–5, # cm–4, and # cm–3.  By, replacing coefficients with their dimensions, Eq. 
(B1) becomes: 
(#cmିଷ)  = (# cmି଺) xଷ + (# cmିହ) xଶ + (# cmିସ)x + (# cm−3)                                                                (B2) 
Therefore, d has same dimensions as of PNC and was found to be equal to the 70th percentile 
of measured PNC with in ZoI. Taking the coefficients of same dimension on one side the Eq. 
(B2) becomes: (#cm−3) − (# cm−3)  = (# cm−6) x3 + (# cm−5) x2 + (# cm−4)x                                                           (B3) 
The maximum dimension that is common among a, b and c is # cmିସ. Therefore Eq. (B3) can 
be re-written as Eq. (B4): 
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(PNC)୶ − (# cmିଷ)  = (# cmିସ)[(cmିଶ) xଷ + ( cmିଵ) xଶ + x]                                         (B4) 
The possible combination of different physical factors for # cm–4 is presented in Eq. (B5): (ܿ)(# ܿ݉ିସ) = (ܲܰܨ) (# ݏିଵܿ݉ିଶ) × ቀଵ଴଴
௪
ቁ (ܿ݉ିଵݏ) × ቀଵ଴ర
௛
ቁ (ܿ݉ିଵ)                          (B5) 
Where w is the resultant wind speed in m s–1 and is given by Eq. (B6) w = ඥ(α × uଶ + β × vଶ)మ                                                                                                              (B6) 
Where ‘ߙ’ and ‘ߚ’ are constants that depends on traffic volume and built-up area around a TI. 
Except ‘w’, all other factors in the Eq. (B5) can be considered constant for different runs at any 
TI. If the above-proposed combination of factors for coefficient ‘c’ is valid, a correlation should 
exist for a unique value of ߙ and ߚ between c and w–1 corresponding to different runs at any 
TI. This assumption is checked for different runs at a TI4w-nb. To start with, values of ߙ and ߚ 
were considered same as proposed by Kastner-Klein et al. (2003) for a street canyon. The ߙ 
was considered as 1× 10–2 and ߚ was considered as 1.44×10–5 × (k)(2/3), where k is the traffic 
density (veh km–1).  Vehicle per kilometre length of a TI was estimated by considering all 
vehicles as a car of average length 3 m and a safe distance of 3 m between two adjacent vehicles 
at a four lane road. Total length of the road was considered as 80 m i.e., the length of ZoI of 
TI4w-nb on either side of a TI. Estimated vehicular density at a TI4w-nb, was 44 vehicles per metre.  
Then values of ߙ and ߚ were then varied to get a good correlation between c and w–1.  In total, 
we tried 220 combinations of ߙ and ߚ, and a R2 = 0.8 was found between c and w–1 for a unique 
ߙ = 0.002 and ߚ = 5.15 × 10–4 at a TI4w-nb . It proves the validity of the proposed combination 
of factors for the coefficient c in the Eq. (B1). 
The possible combination of various factors at a TI for a modified coefficient (cm–2) of x3 in 
the Eq. (B4) could be presented by Eq. (B7): 
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ୟ
ୡ
(cmିଶ) = ቀଵ଴మ
௨
ቁ (ݏ ܿ݉ିଵ) × ቀଵ଴మ
௩
ቁ (ݏ ܿ݉ିଵ) × ݐିଶ (ݏିଶ)                                                    (B7) 
To check the validity of the proposed combination, a regression was performed between a 
divided by c and the result of Eq.(B7) for different runs at a TI4w-nb.  A good correlation with 
R2 = 0.87 was found that proves the validity of the proposed combination of factors. In addition 
to this combination, we also tried replacing, wind speed with driving speed and resultant wind 
speed but a poor R2 = 0.10 was found in both the cases.  
The possible combination of factors at a TI for third and last modified coefficient (cm–1) for x 
in the Eq. (B4) is shown in Eq. B8: 
௕
௖
(ܿ݉ିଵ) =  ቀଵ଴మ
௨
ቁ (ܿ݉ିଵݏ) × ݐିଵ(ݏିଵ)                                                                                    (B8) 
Again, to check the validity of the Eq. (B8), results of Eq. (B8) were regressed with coefficient 
b divided by coefficient c for various runs at a TI4w-nb. A  R2 = 0.49 was found that proves the 
validity of Eq. (B8).  In addition to combination proposed in Eq. (B8), other two combinations 
(i) by replacing wind speed with resultant speed and (ii) by replacing wind speed with driving 
speed were also tried and R2 values of 0.28 and 0.03 were found for combination (i) and (ii) 
respectively. Based on Eq. (B5), (B7) and (B8), Eq. (B1) can be rewritten as Eq. (B9): 
(PNC)୶ − d = (PNF) × ቀଵ୵ቁ × ቀଵ୦ቁ ቄቀଵ୳ቁ× ቀଵ୴ቁ× tିଶxଷ + ቀଵ୳ቁ × tିଵxଶ + xቅ                                           (B9) 
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Appendix C 
Table C1. Metrological data during mobile  measurements  
Date Time 
Outside Inside 
Setting 
Wind 
speed 
(Km hr-1) 
Temp 
(c) 
RH 
(%) 
Wind 
direction 
Temp 
(c) 
RH 
(%) 
4th Mar 
18:00:00 8 9 78 270 19 45 Set1 
18:30:00 4 8 78 270 19 44 Set1 
19:00:00 3 9 78 270 20 41 Set1 
19:30:00 0.5 8 78 270 20 38 Set1 
5th Mar 
07:30:00 0 2 72 270 11 40.4 Set1 
08:00:00 1 3 72 270 10 50 Set1 
08:30:00 4 4 72 270 9 51 Set1 
09:00:00 4 6 72 270 10 51 Set1 
09:30:00 4 8 72 270 11 51 Set1 
17:00:00 14 12 72 270 16 40 Set1 
17:30:00 11 10.5 72 225 16 41 Set1 
18:00:00 10 10.5 72 200 16 43 Set1 
18:30:00 10 10 72 200 16 44 Set1 
19:00:00 12 10 72 200 15.8 40 Set1 
7th Mar 
07:30:00 26 10 72 225 15 54 Set1 
08:00:00 27 10 72 225 14 55 Set1 
08:30:00 24 10 72 225 15 55 Set1 
09:00:00 22 10 72 225 15 57 Set1 
09:30:00 20 10 72 225 14.7 58 Set1 
10:00:00 20 13 72 225 14.6 59 Set1 
17th 
Mar 
07:30:00 2.2 6.72 98 180 13.1 52 Set 2 
08:00:00 1.6 8.72 96 180 15.3 57.1 Set 2 
18th 
Mar 
07:00:00 1.6 7 95 225 13.7 48.6 Set 2 
07:30:00 4.5 7.5 90 225 13.6 56.9 Set 2 
08:00:00 2.2 8 86 180 15.2 59.7 Set 2 
08:30:00 3.1 9.39 77 225 17.8 54.4 Set 2 
19th 
Mar 
17:00:00 0.7 14.28 65 45 18.9 46.4 Set 2 
17:30:00 0.7 11.89 74 0 18.3 51.6 Set 2 
18:00:00 1.6 10.39 78 45 19.5 51.8 Set 2 
18:30:00 2.2 8.89 85 45 22.1 45.9 Set 2 
19:00:00 2.2 8 86 90 23.9 40.2 Set 2 
19:30:00 0.7 7.22 91 0 24.1 37.3 Set 2 
07:00:00 3.1 8.5 96 270 16.1 45.6 Set5 
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20th 
Mar 
07:30:00 0.7 8.78 95 90 14.1 56.9 Set5 
08:00:00 3.1 9.61 91 315 14.9 65.2 Set5 
08:30:00 2.2 10.22 86 0 16.3 60.1 Set5 
09:00:00 4.5 10.89 83 135 17.5 65.1 Set5 
09:30:00 8.3 10.78 83 180 19.4 64.1 Set5 
21st 
Mar 
07:30:00 6.9 5.78 93 225 14.7 47.6 Set5 
08:00:00 3.1 5.89 80 225 13.8 56.9 Set5 
08:30:00 3.1 8.5 68 315 14.4 61.3 Set5 
09:00:00 3.8 9.39 68 270 16 63.6 Set5 
09:30:00 0.7 10.11 66 180 17.7 58.3 Set5 
18:00:00 0.7 8.61 67 0 14.5 47.6 Set3 
18:30:00 3.1 8 70 225 16.5 42.6 Set3 
19:00:00 1.6 7.5 72 45 18.9 38.2 Set3 
19:30:00 4.5 7.22 77 270 20.1 36.6 Set3 
24th 
Mar 
07:00:00 1.6 0.39 93 180 10.5 32.8 Set3 
07:30:00 3.11 0.7 94 90 7.7 50.3 Set3 
08:00:00 1.6 5.28 78 45 10.6 46.8 Set3 
08:30:00 0.7 7.61 67 180 12.9 43.1 Set3 
09:00:00 0.7 9.11 63 0 14.8 40.9 Set3 
09:30:00 3.1 9.72 61 135 16.6 38.2 Set4 
16:30:00 4.5 11 54 0 15.1 37.5 Set4 
17:00:00 4.5 9.72 59 45 15 46.8 Set4 
17:30:00 2.2 8.78 65 248 16.1 52.6 Set4 
18:00:00 0.7 8.61 67 0 17.5 54.8 Set4 
18:30:00 3.1 8 70 225 18.7 53.6 Set4 
19:00:00 1.6 7.5 72 45 19.5 53.5 Set4 
9th Apr 
07:30:00 1.6 4.72 99 180 10.7 79.6 Set4 
08:00:00 1.6 6.11 98 225 12.1 82.3 Set4 
08:30:00 0.7 8.22 91 180 14 67 Set4 
 
 
265 
 
Table C2. Starting and end points i.e.,  X1 and X2 of ZoI of four different types of TIs in stop and go driving condition. In this table values of X1 and X2 are 
shown only for the runs where PNC versus distance profile and driving speed versus distance profile of a TI intersected at two points. 
Run No TI1 TI2 TI3 TI4 TI5 TI6 TI7 TI8 TI9 TI10 
X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 
R1 29 –11 90 –120 - - 19 –120 - - - - 19 –94 - - - - - - 
R2 117 –27 - - - - 189 –104 - - 104 37 - - - - - - 80 –40 
R3 84 –102 - - 70 –51 - - 136 –113 - - 52 17 80 –60 - - - - 
R4 - - 97 –20 50 –50 109 14 95 –115 - - - - - - 45 –20 - - 
R5 - - 95 54 7 13 142 –6 65 –83 - - - - - - - - 40 –40 
R6 - - - - - - - - - - - - - - - - 75 12 - - 
R7 102 –30 - - - - - - - - - - - - - - 137 98 - - 
R8 63 –91 - - - - 65 37 - - - - 107 49 - - - - - - 
R9 - - - - - - 83 –18 - - - - 24 –35 - - 22 –91 50 –30 
R10 - - 79 –39 - - - - - - - - - - - - - - 50 –40 
R11 16 –48 27 –33 - - 46 –15 - - - - - - - - 42 –45 - - 
R12 66 –7 30 –80 - - 75 27 - - - - 89 –38 - - - - 10 –20 
R13 - - - - - - 116 –33 86 –151 - - - - - - - - - - 
R14 - - - - - - - - - - - - - - 40 –30 84 –48 - - 
R15 - - 30 –60 - - 34 –78 - - 40 –154 25 –111 - - 60 –55 - - 
R16 - - - - - - 0 –190 109 –56 - - 157 58 - - 142 –34 - - 
R17 - - 140 0 - - 141 –73 102 –141 117 –137 - - - - - - - - 
R18 104 –18 - - 80 50 140 70 - - 78 29 - - 90 30 - - - - 
R19 - - 30 –50 90 20 - - - - 123 21 - - - - - - 70 –20 
R20 33 –43 70 –20 - - - - 129 –46 - - 116 30 - - - - 20 –40 
R21 62 –143 50 –70 - - 153 99 - - - - 121 –32 - - - - - - 
R22 - - 60 –120 - - 59 –17 146 –77 - - - - - - - - - - 
Max 117 –143 140 –120 90 –51 
 
189 –190 146 –151 123 –154 157 –111 90 –60 142 –98 80 –40 
Min 16 –7 27 0 50 20 0 –6 65 14 40 21 19 17 40 30 22 12 10 –20 
Average 68 –52 67 –47 59 -4 91 –27 109 –98 92 –41 79 –17 70 –20 76 –23 46 –33 
Stdev 34 45 35 49 33 45 55 76 27 38 34 96 50 60 26 46 44 57 25 10 
Median 63 –42 65 –45 70 13 83 –17 106 –98 104 21 89 –32 80 –30 68 –40 50 –40 
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Table C3. Starting and end points i.e.,  X1 and X2 of ZoI of four different types of TIs in multiple stopping driving condition. In this table values of X1 and X2 
are shown only for the runs where PNC versus distance profile and driving speed versus distance profile of a TI intersected at two points. 
Run no 
 
TI1 TI2 TI3 TI4 TI5 TI6 TI7 TI8 TI9 TI10 
X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 
R1 - - - - - - - - - - - - - - - - 196 15 - - 
R2 - - - - - - - - - - - - 31 5 - - 62 –57 - - 
R3 - - - - - - - - - - - - - - - - - - - - 
R4 - - - - - - - - - - - - 169 19 - - - - - - 
R5 - - - - - - - - - - - - 71 40 - - 148 39 - - 
R6 - - 98 –8 - - 58 32 - - - - - - - - - - - - 
R7 - - 141 –21 - - 70 –50 - - - - 81 18 - - - - - - 
R8 - - 153 15 - - - - - - - - - - - - - - - - 
R9 - - 174 10 - - - - - - - - - - - - - - - - 
R10 - - - - - - - - 160 40 - - - - - - - - - - 
R11 - - - - - - - - - - - - 38 15 - - - - - - 
R12 - - - - - - - - - - - - - - - - - - - - 
R13 - - 125 20 - - - - - - - - - - - - - - - - 
R14 - - - - - - 138 –35 - - - - - - - - - - - - 
R15 - - - - - - - - - - - - - - - - - - - - 
R16 - - - - - - - - - - - - - - - - - - - - 
R17 - - - - - - - - - - - - - - - - - - - - 
R18 - - 205 16 - - - - 130 –96 - - 96 22 - - - - - - 
R19 120 –178 - - - - 74 –91 - - - - 43 20 - - - - - - 
R20 - - - - - - 103 28 - - 158 58 - - - - 66 –16   
R21 - - - - - - - - 111 –79 - - - - - - - - - - 
R22 - - - - - - - - - - - - - - - - - - - - 
Max 120 –187 205 –21 - - 138 –91 160 –96 158 58 169 40 - - 196 57 - - 
Min 120 –187 98 10 - - 58 28 111 28 158 58 31 5 - - 62 39 - - 
Average 120 –187 149 5 - - 89 –23 134 –45 158 58 76 20 - - 118 –5 - - 
Stdev - - 37 16 - - 32 53 25 74 - - 48 10 - - 65 41 - - 
Median 120 –187 147 13 - - 74 –35 130 –79 158 58 71 19 - - 107 –1 - - 
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Table C4. Goodness of fit table for 1s, 15min and 1 h average total PNCs at the 4-way TI. This data is obtained from the analyses performed on 1s, 15 min 
and 1 h averaged PNCs by using Easyfit software. 
1s average PNCs 15 min average PNCs 1h average PNCs 
Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking 
Burr 168.21 1 Wakeby 0.58595 1 Weibull (3P) 0.52579 1 
Gen. Logistic 199.5 2 Gen. Logistic 1.1757 2 Weibull 0.54407 2 
Log-Logistic 256.54 3 Gen. Extreme Value 1.473 3 Gen. Gamma 0.63475 3 
Gen. Extreme Value 272.7 4 Frechet (3P) 1.7175 4 Gamma (3P) 0.63793 4 
Lognormal 352.46 5 Log-Logistic (3P) 1.7342 5 Log-Pearson 3 0.68153 5 
Log-Logistic (3P) 448.59 6 Weibull 1.7742 6 Johnson SB 0.71967 6 
Pearson 6 (4P) 470.58 7 Pearson 5 (3P) 1.7759 7 Gamma 0.80367 7 
Pearson 5 (3P) 470.76 8 Pearson 6 (4P) 1.82 8 Gen. Extreme Value 0.86213 8 
Log-Pearson 3 479.93 9 Burr 1.9692 9 Gumbel Max 0.89479 9 
Lognormal (3P) 496.22 10 Lognormal (3P) 2.0159 10 Burr 0.94214 10 
Phased Bi-
Exponential 506.38 11 Inv. Gaussian (3P) 2.1539 11 Fatigue Life (3P) 0.99242 11 
Frechet (3P) 523.35 12 Gen. Gamma 2.2262 12 Inv. Gaussian (3P) 1.0072 12 
Wakeby 526.62 13 Fatigue Life (3P) 2.2317 13 Lognormal (3P) 1.0421 13 
Log-Gamma 671.45 14 Weibull (3P) 2.643 14 Pearson 6 (4P) 1.0761 14 
Gen. Gamma (4P) 746.15 15 Gen. Gamma (4P) 2.6501 15 Pearson 5 (3P) 1.0762 15 
Inv. Gaussian (3P) 1170.4 16 Gamma (3P) 2.8468 16 Frechet (3P) 1.1015 16 
Fatigue Life 2657.8 17 Gamma 3.0042 17 Gen. Logistic 1.2792 17 
Pareto 2 2687.3 18 Gumbel Max 3.4173 18 Log-Logistic (3P) 1.287 18 
Fatigue Life (3P) 2702.3 19 Cauchy 3.9384 19 Lognormal 1.4258 19 
Weibull (3P) 3744 20 Beta 5.3753 20 Log-Logistic 1.6978 20 
Weibull 4645 21 Rayleigh (2P) 5.6336 21 Log-Gamma 1.7471 21 
Pearson 5 4893.8 22 Error 6.2018 22 Fatigue Life 1.7804 22 
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1s average PNCs 15 min average PNCs 1h average PNCs 
Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking 
Gamma (3P) 5263.3 23 Laplace 6.2018 23 Rayleigh (2P) 1.8324 23 
Beta 5379.7 24 Hypersecant 6.3069 24 Normal 1.9627 24 
Frechet 5518.9 25 Log-Pearson 3 6.4128 25 Beta 2.1342 25 
Pearson 6 5957.7 26 Log-Logistic 6.762 26 Logistic 2.2226 26 
Exponential 8434.3 27 Lognormal 6.9752 27 Gen. Gamma (4P) 2.4366 27 
Exponential (2P) 9236.2 28 Logistic 7.0124 28 Hypersecant 2.6778 28 
Kumaraswamy 11180 29 Log-Gamma 8.5277 29 Exponential 2.7564 29 
Levy (2P) 14687 30 Kumaraswamy 9.7248 30 Pareto 2 3.0736 30 
Cauchy 15429 31 Exponential (2P) 10.49 31 Error 3.0865 31 
Levy 15872 32 Normal 10.965 32 Pert 3.1816 32 
Inv. Gaussian 33631 33 Fatigue Life 11.284 33 Exponential (2P) 3.2577 33 
Gen. Gamma 35270 34 Exponential 11.297 34 Pearson 5 3.3703 34 
Laplace 42088 35 Pareto 2 11.454 35 Pearson 6 3.4112 35 
Error 42095 36 Rayleigh 11.532 36 Laplace 3.7915 36 
Pareto 43479 37 Inv. Gaussian 13.011 37 Cauchy 3.8923 37 
Hypersecant 46223 38 
Phased Bi-
Exponential 14.837 38 Gen. Pareto 4.1687 38 
Logistic 48643 39 Pearson 6 15.127 39 Wakeby 4.1991 39 
Rayleigh (2P) 48765 40 Pert 15.546 40 Frechet 4.2246 40 
Gumbel Max 49984 41 Pearson 5 17.65 41 
Phased Bi-
Exponential 4.3193 41 
Normal 53518 42 Frechet 20.28 42 Kumaraswamy 5.7329 42 
Gen. Pareto 62908 43 Rice 21.204 43 Inv. Gaussian 6.2156 43 
Gumbel Min 65815 44 Erlang (3P) 22.876 44 Rayleigh 6.2276 44 
Error Function 66827 45 Gumbel Min 26.782 45 Erlang (3P) 7.523 45 
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1s average PNCs 15 min average PNCs 1h average PNCs 
Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking 
Reciprocal 74251 46 Dagum (4P) 26.924 46 Gumbel Min 7.668 46 
Uniform 76790 47 Levy (2P) 31.979 47 Rice 7.9192 47 
Power Function 77749 48 Levy 32.358 48 Reciprocal 8.0203 48 
Rayleigh 95743 49 Reciprocal 34.133 49 Levy (2P) 8.872 49 
Gamma 102140 50 Power Function 45.074 50 Levy 10.892 50 
Rice 240870 51 Johnson SB 49.554 51 Power Function 11.592 51 
Dagum 586910 52 Erlang 52.741 52 Triangular 12.139 52 
Dagum (4P) 632340 53 Pareto 65.425 53 Pareto 19.726 53 
Pert 774830 54 Uniform 66.489 54 Uniform 24.021 54 
Triangular 1010500 55 Gen. Pareto 67.667 55 Erlang 30.105 55 
Student's t 4694300 56 Burr (4P) 110.57 56 Burr (4P) 35.805 56 
Chi-Squared 26937000 57 Triangular 137.3 57 Dagum (4P) 54.917 57 
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Table C5. Goodness of fit table for 1s, 15 min and 1 h average total PNCs at the 3-way TI. This data is obtained from the analyses performed on 1s, 15 min 
and 1 h averaged PNCs by using Easyfit software. 
1s average PNCs 15 min average PNCs 1h average PNCs 
Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking 
Gen. Logistic 120.05 1 Log-Pearson 3 0.18206 1 Wakeby 0.1915 1 
Gen. Extreme Value 209 2 Johnson SB 0.20173 2 Johnson SB 0.20129 2 
Burr 412.69 3 Weibull (3P) 0.20773 3 Log-Pearson 3 0.2081 3 
Burr 412.69 4 Gamma (3P) 0.24405 4 Weibull 0.21588 4 
Gamma 817.27 5 Gen. Gamma (4P) 0.24407 5 Gen. Extreme Value 0.22531 5 
Gen. Gamma 840.62 6 Weibull 0.2656 6 Inv. Gaussian (3P) 0.25341 6 
Pearson 6 855.92 7 Fatigue Life (3P) 0.29921 7 Lognormal (3P) 0.25353 7 
Pearson 6 855.98 8 Nakagami 0.30194 8 Fatigue Life (3P) 0.25467 8 
Beta 863.48 9 Inv. Gaussian (3P) 0.30742 9 Weibull (3P) 0.2549 9 
Gen. Gamma 904.71 10 Gen. Gamma 0.33582 10 Pearson 6 (4P) 0.25681 10 
Log-Logistic 1188.2 11 Lognormal (3P) 0.34053 11 Pearson 5 (3P) 0.25785 11 
Weibull 1298.2 12 Gen. Extreme Value 0.34588 12 Frechet (3P) 0.26734 12 
Weibull 1348.2 13 Pearson 6 (4P) 0.38252 13 Gen. Gamma 0.28055 13 
Erlang 1922 14 Pearson 5 (3P) 0.38353 14 Log-Logistic (3P) 0.2817 14 
Cauchy 2327.5 15 Gamma 0.49401 15 Gamma (3P) 0.28496 15 
Log-Logistic 2875.8 16 Gumbel Max 0.57025 16 Gumbel Max 0.32359 16 
Lognormal 3103.9 17 Log-Logistic (3P) 0.60015 17 Gen. Logistic 0.32416 17 
Lognormal 3104 18 Rayleigh (2P) 0.67168 18 Nakagami 0.33669 18 
Rayleigh 3108.8 19 Rayleigh 0.71911 19 Gamma 0.37521 19 
Gamma 3236.4 20 Gen. Logistic 0.84179 20 Rayleigh (2P) 0.39654 20 
Gumbel Max 3537.7 21 Rice 0.86418 21 Rayleigh 0.60768 21 
Laplace 3554.2 22 Erlang 1.0639 22 Lognormal 0.63168 22 
Error 3554.2 23 Lognormal 1.5845 23 Rice 0.65291 23 
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1s average PNCs 15 min average PNCs 1h average PNCs 
Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking 
Hypersecant 4030.9 24 Log-Logistic 1.6508 24 Normal 0.67364 24 
Inv. Gaussian 4335.4 25 Log-Gamma 2.044 25 Error 0.69405 25 
Logistic 4696 26 Error 2.2616 26 Log-Logistic 0.71714 26 
Exponential 6570.7 27 Normal 2.2634 27 Log-Gamma 0.76751 27 
Exponential (2P) 6570.7 28 Triangular 2.6542 28 Logistic 0.80148 28 
Normal 6590 29 Logistic 2.7179 29 Fatigue Life 0.86735 29 
Pareto 2 6643.2 30 Beta 2.77 30 Hypersecant 0.95054 30 
Kumaraswamy 7140.9 31 Fatigue Life 2.993 31 Cauchy 1.0257 31 
Wakeby 7247 32 Hypersecant 3.3974 32 Erlang (3P) 1.1018 32 
Frechet 9997.3 33 Inv. Gaussian 4.1157 33 Laplace 1.2957 33 
Phased Bi-
Exponential 10042 34 Wakeby 4.1275 34 Pearson 6 1.3514 34 
Rice 10108 35 Erlang (3P) 4.45 35 Pearson 5 1.5266 35 
Rayleigh 10108 36 Cauchy 4.5615 36 Inv. Gaussian 1.8291 36 
Fatigue Life 12737 37 Pearson 6 4.9411 37 Frechet 2.0812 37 
Fatigue Life 12737 38 Laplace 5.0262 38 Beta 2.3595 38 
Gumbel Min 13024 39 Pert 5.0595 39 Kumaraswamy 2.4427 39 
Frechet 14004 40 Pearson 5 5.6942 40 Gen. Gamma (4P) 2.5574 40 
Erlang 15160 41 Frechet 7.6964 41 Power Function 2.7544 41 
Levy 17766 42 Power Function 10.233 42 Exponential 2.7936 42 
Levy 17766 43 Gumbel Min 11.435 43 Pareto 2 2.9485 43 
Pearson 5 18169 44 Exponential (2P) 13.429 44 Gumbel Min 3.0225 44 
Pearson 5 18169 45 Kumaraswamy 13.509 45 Exponential (2P) 3.2636 45 
Inv. Gaussian 18319 46 Pareto 2 13.688 46 Gen. Pareto 4.059 46 
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1s average PNCs 15 min average PNCs 1h average PNCs 
Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking Distribution 
A-D 
statistics Ranking 
Uniform 26784 47 Exponential 15.149 47 
Phased Bi-
Exponential 4.657 47 
Gen. Pareto 31939 48 Burr 15.518 48 Triangular 4.6961 48 
Power Function 44743 49 
Phased Bi-
Exponential 19.048 49 Levy (2P) 4.8806 49 
Johnson SU 46361 50 Frechet (3P) 24.192 50 Reciprocal 6.4773 50 
Error Function 85465 51 Levy (2P) 29.415 51 Erlang 6.618 51 
Dagum 1162500 52 Gen. Pareto 30.519 52 Levy 6.7393 52 
Student's t 2562800 53 Levy 33.328 53 Pert 7.7611 53 
Dagum 5244100 54 Reciprocal 41.356 54 Pareto 8.9499 54 
Chi-Squared 8595800 55 Uniform 46.904 55 Burr 9.1137 55 
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Table C6. Goodness of fit table for 1s, 15 min and 1 h average PNCs in 5-30 nm range at the 4-way TI. This data is obtained from the analyses performed on 
1s, 15 min and 1 h averaged PNCs by using Easyfit software. 
1s average N5-30 15 min  average N5-30 1h average N5-30 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Burr 0.19586 1 Burr 0.23206 1 Frechet (3P) 1.152 1 
Gen. Extreme Value 0.19886 2 Gen. Extreme Value 0.24573 2 Pearson 5 (3P) 1.1888 2 
Gen. Logistic 0.20621 3 Wakeby 0.26232 3 Pearson 6 (4P) 2.2314 3 
Pearson 5 (3P) 0.20922 4 Gen. Logistic 0.26752 4 Frechet 3.164 4 
Frechet (3P) 0.20976 5 Frechet (3P) 0.27608 5 Pearson 6 6.2379 5 
Wakeby 0.21144 6 Pearson 5 (3P) 0.27791 6 Pearson 5 6.249 6 
Lognormal (3P) 0.22972 7 Log-Logistic (3P) 0.29673 7 Log-Pearson 3 10.067 7 
Log-Logistic (3P) 0.23366 8 Lognormal (3P) 0.33466 8 Burr 11.477 8 
Log-Pearson 3 0.23947 9 Log-Pearson 3 0.38699 9 Log-Logistic (3P) 42.44 9 
Inv. Gaussian (3P) 0.24676 10 Inv. Gaussian (3P) 0.40489 10 Gen. Logistic 65.117 10 
Lognormal 0.27272 11 Pearson 6 0.42147 11 Gen. Extreme Value 65.369 11 
Fatigue Life (3P) 0.2763 12 Log-Logistic 0.43453 12 Lognormal (3P) 72.748 12 
Log-Gamma 0.34345 13 Gen. Gamma (4P) 0.44467 13 Inv. Gaussian (3P) 76.136 13 
Log-Logistic 0.37077 14 Lognormal 0.47632 14 Log-Gamma 95.608 14 
Fatigue Life 0.40591 15 Fatigue Life (3P) 0.50943 15 
Phased Bi-
Exponential 110.44 15 
Inv. Gaussian 0.45804 16 Log-Gamma 0.68138 16 Log-Logistic 136.61 16 
Weibull 0.46374 17 Gamma (3P) 0.86275 17 Lognormal 145.38 17 
Gen. Gamma 0.57167 18 
Phased Bi-
Exponential 0.99302 18 Pareto 2 253.88 18 
Pearson 6 0.61701 19 Fatigue Life 0.99544 19 Gen. Gamma (4P) 285.14 19 
Exponential 0.78427 20 Inv. Gaussian 1.0086 20 Wakeby 295.03 20 
Pareto 2 0.81157 21 Weibull 1.1768 21 Gen. Pareto 295.03 21 
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1s average N5-30 15 min  average N5-30 1h average N5-30 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Phased Bi-
Exponential 0.81491 22 Gen. Gamma 1.6684 22 Weibull (3P) 404.98 22 
Gamma 0.87584 23 Exponential 1.7638 23 Kumaraswamy 409.01 23 
Pearson 5 0.92552 24 Pareto 2 1.8781 24 Levy (2P) 421.48 24 
Frechet 1.2486 25 Gamma 2.5407 25 Fatigue Life (3P) 587.99 25 
Gumbel Max 1.4503 26 Pearson 6 (4P) 2.5915 26 Weibull 600.02 26 
Cauchy 1.6446 27 Pearson 5 2.6729 27 Gamma (3P) 690.22 27 
Error 2.0516 28 Exponential (2P) 2.8521 28 Levy 739.82 28 
Laplace 2.0516 29 Frechet 3.0656 29 Beta 767.76 29 
Hypersecant 2.0691 30 Weibull (3P) 3.4435 30 Fatigue Life 790.92 30 
Exponential (2P) 2.1468 31 Cauchy 3.816 31 Cauchy 1140.8 31 
Logistic 2.1951 32 Kumaraswamy 4.5016 32 Pareto 1368.4 32 
Weibull (3P) 2.2121 33 Gumbel Max 4.7695 33 Inv. Gaussian 1807 33 
Rayleigh (2P) 2.3167 34 Beta 5.1476 34 Gen. Gamma 2015.6 34 
Pert 2.3793 35 Pert 5.8081 35 Exponential 2025.1 35 
Normal 2.5669 36 Hypersecant 7.0711 36 Exponential (2P) 2306.7 36 
Gen. Gamma (4P) 2.6054 37 Error 7.2643 37 Error 2350.8 37 
Reciprocal 2.8575 38 Laplace 7.2643 38 Laplace 2350.8 38 
Levy (2P) 2.8725 39 Logistic 7.3754 39 Rayleigh (2P) 2430.1 39 
Beta 2.8751 40 Rayleigh (2P) 7.8141 40 Hypersecant 2444.3 40 
Levy 3.596 41 Normal 8.3341 41 Logistic 2500.3 41 
Rayleigh 3.6996 42 Reciprocal 8.3937 42 Gumbel Max 2519.9 42 
Gamma (3P) 4.5405 43 Levy (2P) 8.8388 43 Normal 2636.2 43 
Gumbel Min 5.961 44 Levy 9.5104 44 Dagum 2712.2 44 
Pareto 6.4668 45 Power Function 12.465 45 Error Function 2773.5 45 
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1s average N5-30 15 min  average N5-30 1h average N5-30 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Power Function 6.8276 46 Rayleigh 13.621 46 Power Function 2794.3 46 
Rice 7.9377 47 Dagum 18.183 47 Reciprocal 2939.7 47 
Uniform 10.267 48 Gumbel Min 19.844 48 Gumbel Min 3182.6 48 
Pearson 6 (4P) 10.341 49 Pareto 20.961 49 Uniform 3470.8 49 
Gen. Pareto 11.056 50 Gen. Pareto 22.796 50 Dagum (4P) 3803.9 50 
Johnson SB 11.821 51 Rice 29.239 51 Gamma 6822.2 51 
Triangular 12.145 52 Dagum (4P) 34.955 52 Rayleigh 10086 52 
Error Function 15.209 53 Uniform 37.985 53 Rice 18919 53 
Burr (4P) 16.3 54 Error Function 43.095 54 Pert 26163 54 
Dagum (4P) 16.435 55 Johnson SB 44.149 55 Triangular 35092 55 
Chi-Squared (2P) 19.8 56 Triangular 46.367 56 Student's t 179560 56 
Kumaraswamy 24.996 57 Phased Bi-Weibull 293.97 57 Chi-Squared (2P) 373470 57 
Dagum 101.68 58 Student's t 1833.1 58 Chi-Squared 802760 58 
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Table C7. The goodness of fit table for 1s, 15 min and 1 h average PNC in 5-30 nm range at the 3-way TI. This data is obtained from the analyses performed 
on 1s, 15 min and 1 h averaged PNCs by using Easyfit software. 
 
1s average N5-30 15 min  average N5-30 1h average N5-30 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Wakeby 0.33404 1 Gamma (3P) 0.24142 1 Gen. Logistic 115.94 1 
Gen. Extreme Value 0.4143 2 Gen. Gamma (4P) 0.25058 2 Burr 157.6 2 
Johnson SB 0.43855 3 Fatigue Life (3P) 0.25894 3 Burr 157.61 3 
Burr 0.44984 4 Inv. Gaussian (3P) 0.26082 4 Gen. Extreme Value 299.66 4 
Pearson 5 (3P) 0.45091 5 Log-Pearson 3 0.26122 5 Log-Logistic 325.33 5 
Gamma (3P) 0.45338 6 Gen. Gamma 0.26347 6 Pearson 6 581.11 6 
Fatigue Life (3P) 0.46546 7 Gen. Extreme Value 0.26458 7 Pearson 6 581.86 7 
Lognormal (3P) 0.46765 8 Johnson SB 0.26788 8 Log-Logistic 847.37 8 
Weibull (3P) 0.47337 9 Lognormal (3P) 0.27303 9 Gen. Gamma 892.23 9 
Gen. Gamma (4P) 0.47753 10 Pearson 5 (3P) 0.28929 10 Lognormal 1486.3 10 
Erlang (3P) 0.4922 11 Gamma 0.29213 11 Lognormal 1486.4 11 
Inv. Gaussian (3P) 0.51056 12 Rayleigh (2P) 0.39216 12 Gamma 1620.1 12 
Error 0.51252 13 Weibull (3P) 0.3962 13 Weibull 1962.9 13 
Log-Logistic (3P) 0.51816 14 Log-Logistic (3P) 0.46574 14 Weibull 3609.6 14 
Nakagami 0.52402 15 Erlang (3P) 0.49047 15 Cauchy 3931.6 15 
Normal 0.53397 16 Gumbel Max 0.50059 16 Beta 4221.8 16 
Weibull 0.54431 17 Gen. Logistic 0.57248 17 Fatigue Life 5319.2 17 
Gen. Logistic 0.55643 18 Nakagami 0.61948 18 Fatigue Life 5319.2 18 
Gen. Gamma 0.55807 19 Weibull 0.77541 19 Gen. Gamma 6125.4 19 
Gamma 0.57179 20 Rice 1.0107 20 Frechet 6676.6 20 
Frechet (3P) 0.58942 21 Lognormal 1.0372 21 
Phased Bi-
Exponential 7279.7 21 
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1s average N5-30 15 min  average N5-30 1h average N5-30 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Rice 0.7233 22 Log-Logistic 1.1676 22 Pareto 2 7605.3 22 
Logistic 0.73415 23 Rayleigh 1.2654 23 Exponential 7637.9 23 
Log-Pearson 3 0.75118 24 Log-Gamma 1.3427 24 Exponential (2P) 7637.9 24 
Erlang 0.86438 25 Fatigue Life 1.5089 25 Rayleigh 7995.6 25 
Gumbel Max 0.8672 26 Inv. Gaussian 1.9171 26 Inv. Gaussian 8772.6 26 
Lognormal 0.93721 27 Error 2.0918 27 Inv. Gaussian 9132.8 27 
Hypersecant 0.97935 28 Normal 2.1036 28 Wakeby 10824 28 
Log-Gamma 1.0498 29 Logistic 2.2522 29 Laplace 10936 29 
Inv. Gaussian 1.0953 30 Pearson 6 2.7235 30 Error 10936 30 
Log-Logistic 1.1234 31 Hypersecant 2.7277 31 Frechet 11527 31 
Rayleigh (2P) 1.2225 32 Pearson 5 3.4492 32 Pearson 5 11876 32 
Fatigue Life 1.2672 33 Pearson 6 (4P) 3.5884 33 Pearson 5 11876 33 
Cauchy 1.4729 34 Cauchy 3.8342 34 Hypersecant 12743 34 
Laplace 1.5676 35 Laplace 4.1159 35 Gumbel Max 13803 35 
Pearson 6 1.8335 36 Wakeby 4.2152 36 Logistic 14186 36 
Rayleigh 1.8844 37 Erlang 4.5586 37 Gamma 15928 37 
Pearson 5 1.9302 38 Pert 4.6307 38 Normal 17322 38 
Gumbel Min 2.3757 39 Beta 4.6532 39 Levy 20179 39 
Frechet 3.2601 40 Triangular 6.3221 40 Levy 20179 40 
Kumaraswamy 3.552 41 Frechet 6.7646 41 Gumbel Min 25132 41 
Beta 4.2733 42 Burr (4P) 8.6847 42 Rayleigh 31923 42 
Triangular 4.6162 43 Frechet (3P) 11.543 43 Rice 31923 43 
Power Function 5.0812 44 Gumbel Min 12.144 44 Uniform 37516 44 
Pert 5.1293 45 Phased Bi-Weibull 14.461 45 Gen. Pareto 40668 45 
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1s average N5-30 15 min  average N5-30 1h average N5-30 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Uniform 8.5749 46 Kumaraswamy 18.386 46 Kumaraswamy 51443 46 
Exponential (2P) 9.5639 47 Exponential (2P) 21.869 47 Error Function 66412 47 
Exponential 9.9213 48 Power Function 24.474 48 Power Function 78007 48 
Pareto 2 10.228 49 Exponential 26.334 49 Dagum 1174200 49 
Gen. Pareto 11.804 50 Pareto 2 27.487 50 Dagum 1962800 50 
Levy (2P) 12.774 51 
Phased Bi-
Exponential 29.171 51 Student's t 2935600 51 
Levy 15.748 52 Burr 37.332 52 Chi-Squared 14089000 52 
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Table C8. Goodness of fit table for 1s, 15 min and 1 h average PNC in 30-300 nm range at the 4-way TI. This data is obtained from the analyses performed 
on 1s, 15 min and 1 h averaged PNCs by using Easyfit software. 
1s average N30-300 15 min  average N30-300 1h average N30-300 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Wakeby 0.16389 1 Gen. Logistic 0.5743 1 Pearson 5 (3P) 1.1998 1 
Cauchy 0.33284 2 Burr 0.61658 2 Pearson 6 (4P) 1.2022 2 
Log-Logistic (3P) 0.3877 3 Gen. Extreme Value 0.67115 3 Frechet (3P) 1.7132 3 
Gen. Logistic 0.40143 4 Weibull 0.74872 4 Gen. Extreme Value 2.573 4 
Burr 0.46325 5 Gen. Gamma 0.75396 5 Pearson 6 5.0568 5 
Frechet (3P) 0.52166 6 Log-Logistic (3P) 0.77081 6 Log-Logistic (3P) 5.0976 6 
Pearson 5 (3P) 0.52564 7 Pearson 5 (3P) 0.78545 7 Pearson 5 5.3529 7 
Gen. Extreme Value 0.5311 8 Gamma (3P) 0.80413 8 Frechet 6.1234 8 
Lognormal (3P) 0.56378 9 Log-Pearson 3 0.82319 9 Lognormal (3P) 16.267 9 
Inv. Gaussian (3P) 0.60015 10 Lognormal (3P) 0.82421 10 Log-Gamma 57.837 10 
Fatigue Life (3P) 0.60599 11 Gen. Gamma (4P) 0.84043 11 Gen. Gamma (4P) 68.563 11 
Gen. Gamma 0.60771 12 Inv. Gaussian (3P) 0.85592 12 Log-Logistic 76.573 12 
Log-Pearson 3 0.63157 13 Fatigue Life (3P) 0.859 13 Inv. Gaussian (3P) 79.084 13 
Weibull 0.64844 14 Weibull (3P) 0.98606 14 Lognormal 81.994 14 
Rayleigh 0.67203 15 Pearson 6 (4P) 1.0425 15 Fatigue Life (3P) 170.91 15 
Gamma (3P) 0.73577 16 Rayleigh 1.0797 16 Gen. Logistic 209.09 16 
Erlang (3P) 0.75517 17 Gumbel Max 1.1655 17 Log-Pearson 3 214.54 17 
Laplace 0.80184 18 Gamma 1.1703 18 
Phased Bi-
Exponential 220.13 18 
Error 0.80184 19 Lognormal 1.2243 19 Fatigue Life 310.08 19 
Gumbel Max 0.80653 20 Log-Logistic 1.3795 20 Weibull (3P) 321.77 20 
Lognormal 0.81716 21 Fatigue Life 1.3832 21 Exponential (2P) 328.41 21 
Gamma 0.85742 22 Log-Gamma 1.4656 22 Gamma (3P) 328.52 22 
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1s average N30-300 15 min  average N30-300 1h average N30-300 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Weibull (3P) 0.88654 23 Inv. Gaussian 1.4781 23 Beta 390.21 23 
Fatigue Life 0.92541 24 Cauchy 1.5165 24 Weibull 500.19 24 
Log-Gamma 0.92587 25 Erlang (3P) 1.6172 25 Cauchy 580.91 25 
Inv. Gaussian 0.96406 26 Rayleigh (2P) 1.944 26 Exponential 581.09 26 
Hypersecant 0.98728 27 Error 1.9675 27 Pareto 2 649.57 27 
Log-Logistic 0.99941 28 Laplace 1.9675 28 Wakeby 746.26 28 
Rayleigh (2P) 1.022 29 Hypersecant 1.9889 29 Rayleigh (2P) 971.81 29 
Pearson 6 1.0581 30 Logistic 2.268 30 Levy (2P) 1039.9 30 
Rice 1.114 31 Rice 2.4002 31 Burr 1314.6 31 
Pearson 6 (4P) 1.1398 32 Pearson 6 2.4088 32 Pareto 1420.2 32 
Logistic 1.1602 33 Pearson 5 2.6538 33 Rayleigh 1709.2 33 
Pearson 5 1.4498 34 Normal 3.1816 34 Laplace 1710 34 
Normal 1.5842 35 Erlang 3.6067 35 Error 1712.2 35 
Erlang 1.5866 36 Pert 3.7036 36 Gen. Gamma 1863.4 36 
Frechet 2.2448 37 Beta 3.7969 37 Levy 1872.4 37 
Pert 2.5628 38 Wakeby 4.1354 38 Hypersecant 1898.5 38 
Beta 2.8725 39 Frechet 4.3388 39 Rice 1994.9 39 
Exponential 3.3679 40 Exponential (2P) 7.0951 40 Logistic 1995.1 40 
Exponential (2P) 3.4298 41 Frechet (3P) 8.176 41 Gumbel Max 2093.1 41 
Pareto 2 3.5511 42 Pareto 2 8.378 42 Gen. Pareto 2155.2 42 
Reciprocal 3.6127 43 Exponential 8.6409 43 Normal 2184.1 43 
Gumbel Min 4.0585 44 Gumbel Min 10.174 44 Kumaraswamy 2378.8 44 
Levy (2P) 4.3293 45 Reciprocal 10.232 45 Gumbel Min 2538.4 45 
Gen. Gamma (4P) 5.9454 46 Kumaraswamy 10.308 46 Uniform 2810.8 46 
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1s average N30-300 15 min  average N30-300 1h average N30-300 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Uniform 6.0989 47 
Phased Bi-
Exponential 10.351 47 Inv. Gaussian 2839.5 47 
Levy 6.8763 48 Power Function 12.597 48 Error Function 2900.6 48 
Phased Bi-
Exponential 6.9448 49 Gen. Pareto 12.799 49 Power Function 2914.6 49 
Pareto 6.9812 50 Levy (2P) 14.877 50 Burr (4P) 3130.9 50 
Triangular 7.3613 51 Johnson SB 15.774 51 Gamma 4396.4 51 
Power Function 7.6267 52 Uniform 16.582 52 Reciprocal 4478.1 52 
Gen. Pareto 8.5503 53 Triangular 17.244 53 Chi-Squared (2P) 4610.3 53 
Johnson SB 16.531 54 Levy 19.737 54 Dagum 13121 54 
Kumaraswamy 17.815 55 Pareto 22.762 55 Dagum (4P) 18885 55 
Dagum (4P) 20.515 56 Burr (4P) 39.647 56 Pert 21035 56 
Dagum 25.325 57 Dagum 80.431 57 Triangular 29848 57 
Error Function 35.093 58 Phased Bi-Weibull 83.031 58 Student's t 172320 58 
Chi-Squared (2P) 57.005 59 Error Function 105.96 59 Chi-Squared 1493200 59 
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Table C9. Goodness of fit table for 1s, 15 min and 1 h average PNC in 30-300 nm ranges at the 3-way TI. This data is obtained from the analyses performed 
on 1s, 15 min and 1 h averaged PNCs by using Easyfit software. 
 
1s average N30-300 15 min  average N30-300 1h average N30-300 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Gen. Pareto 1.5125 1 Error 8.0981 1 Chi-Squared -29104 1 
Wakeby 1.5125 2 Uniform 8.0985 2 Chi-Squared -4095.5 2 
Error 1.6103 3 Wakeby 8.2105 3 Normal 4863.4 3 
Uniform 1.6108 4 Gen. Pareto 8.2105 4 Gen. Extreme Value 5538.6 4 
Log-Pearson 3 1.615 5 Log-Pearson 3 8.407 5 Gumbel Max 5706.8 5 
Weibull 1.67 6 Lognormal 8.5471 6 Logistic 6023.6 6 
Pearson 6 1.9406 7 Exponential 8.5476 7 Gen. Logistic 6961.5 7 
Gamma (3P) 1.9601 8 Weibull 8.5482 8 Hypersecant 7367.5 8 
Log-Logistic (3P) 2.018 9 Log-Logistic 8.6556 9 Cauchy 7533 9 
Gen. Gamma 2.0605 10 
Phased Bi-
Exponential 8.6595 10 Gen. Pareto 8227.7 10 
Burr 2.0729 11 Log-Logistic (3P) 8.8212 11 Gumbel Min 8547 11 
Weibull (3P) 2.1025 12 Log-Gamma 8.8775 12 Error 9843.5 12 
Lognormal 2.1212 13 Gamma (3P) 8.9219 13 Laplace 9843.5 13 
Log-Logistic 2.1353 14 Fatigue Life (3P) 9.1948 14 Gen. Gamma 11578 14 
Inv. Gaussian (3P) 2.1753 15 Lognormal (3P) 9.5753 15 Burr 11938 15 
Lognormal (3P) 2.2064 16 Weibull (3P) 9.5951 16 Burr 12063 16 
Log-Gamma 2.359 17 Pert 9.8054 17 Pareto 2 12280 17 
Power Function 2.4182 18 Gen. Gamma 9.8919 18 Exponential 12424 18 
Exponential 2.5656 19 Pareto 2 9.9504 19 Exponential (2P) 12424 19 
Gen. Gamma (4P) 2.5698 20 Inv. Gaussian (3P) 9.9634 20 Gamma 12864 20 
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1s average N30-300 15 min  average N30-300 1h average N30-300 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Gen. Extreme Value 2.6323 21 Frechet (3P) 10.06 21 Pearson 6 12867 21 
Frechet (3P) 2.6595 22 Burr 10.189 22 Pearson 6 12938 22 
Phased Bi-
Exponential 2.9123 23 Pearson 6 10.281 23 
Phased Bi-
Exponential 13336 23 
Normal 2.9864 24 Exponential (2P) 10.331 24 Gen. Gamma 13537 24 
Rayleigh (2P) 3.0013 25 Pearson 6 (4P) 10.431 25 Erlang 14220 25 
Gumbel Max 3.099 26 Frechet 10.747 26 Lognormal 14319 26 
Gamma 3.1175 27 Fatigue Life 11.211 27 Lognormal 14319 27 
Pareto 2 3.1514 28 Beta 11.34 28 Log-Logistic 14792 28 
Erlang 3.2492 29 Pearson 5 11.76 29 Johnson SU 14809 29 
Gen. Logistic 3.47 30 Gen. Gamma (4P) 12.008 30 Wakeby 15222 30 
Erlang (3P) 3.4778 31 Erlang (3P) 13.084 31 Gamma 16492 31 
Pearson 6 (4P) 3.5315 32 Gen. Extreme Value 13.725 32 Dagum 18434 32 
Beta 3.6233 33 Power Function 13.758 33 Dagum 18457 33 
Frechet 3.9528 34 Normal 14.055 34 Uniform 22035 34 
Logistic 3.9802 35 Kumaraswamy 14.601 35 Frechet 22419 35 
Fatigue Life 4.0364 36 Gumbel Max 15.512 36 Erlang 27832 36 
Exponential (2P) 4.2909 37 Gamma 15.67 37 Pearson 5 27993 37 
Pearson 5 4.4468 38 Levy 15.787 38 Pearson 5 28258 38 
Kumaraswamy 4.4668 39 Rayleigh (2P) 16.39 39 Log-Logistic 31904 39 
Hypersecant 4.7681 40 Gen. Logistic 17.256 40 Inv. Gaussian 32476 40 
Gumbel Min 4.9314 41 Levy (2P) 18.049 41 Kumaraswamy 32638 41 
Cauchy 5.2006 42 Logistic 18.246 42 Beta 32867 42 
Levy 5.4611 43 Gumbel Min 20.892 43 Weibull 33654 43 
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1s average N30-300 15 min  average N30-300 1h average N30-300 
Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking Distribution 
A-D 
Statistics Ranking 
Nakagami 5.9397 44 Hypersecant 21.456 44 Frechet 36333 44 
Laplace 6.002 45 Laplace 26.07 45 Power Function 37337 45 
Levy (2P) 6.2499 46 Cauchy 28.985 46 Levy 39761 46 
Rice 6.4596 47 Nakagami 34.461 47 Levy 39761 47 
Rayleigh 6.6068 48 Inv. Gaussian 40.234 48 Rayleigh 42392 48 
Inv. Gaussian 8.2619 49 Rice 46.918 49 Fatigue Life 44694 49 
Dagum (4P) 9.9943 50 Rayleigh 47.573 50 Fatigue Life 44694 50 
Pearson 5 (3P) 12.783 51 Pareto 48.286 51 Rayleigh 45086 51 
Pareto 14.16 52 Erlang 51.327 52 Rice 45086 52 
Johnson SB 15.896 53 Pearson 5 (3P) 62.369 53 Inv. Gaussian 53334 53 
Triangular 17.734 54 Johnson SB 66.433 54 Error Function 108940 54 
Reciprocal 23.262 55 Triangular 70.866 55 Student's t 2579000 55 
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Table C10. Starting point (X1) and end point (X2) of the zone of influence for PM10 at ten TIs during each of the 22 runs of Set1 in stop- and go- driving 
conditions. 
 
Run No 
TI1 TI2 TI3 TI4 TI5 TI6 TI7 TI8 TI9 TI10 
X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 
R1 109 –23 23 –56 - - - - - - - - 107 52 - - - - 68 54 
R2 13 –96 - - - - 153 99 83 –167 87 49 - - 54 15 - - 79 31 
R3 102 –68 - - 45 –38 59 –17 34 –115 - - 129 17 42 –11 - - - - 
R4 - - 108 –121 15 –71 58 32 110 –160 – –     39 6 134 –27 – – 
R5 - - 90 31 143 –55 - - - - - - - - - - - - 97 –5 
R6 - - - - - - 116 –33 - - - - - - 53 –100 154 –7 - - 
R7 144 59 - - - - – – - - - - - - - - 131 26 - - 
R8 81 29 - - - - 34 –78 - - - - 164 49 114 –77 - - - - 
R9 - - - - - - 0 –190 - - - - 16 –82 - - 109 –7 61 27 
R10 - - 84 –18 - - 141 –73 - - - - - - - - - - 68 31 
R11 50 –19 126 7 - - 65 37 156 137 - - - - - - 25 –21     
R12 19 50 - - - - 83 –18 - - - - 200 23 - - - - 70 –16 
R13 - - - - - -     117 –81 - - - - 22.3 9.2 - - - - 
R14 - - 137 97 - - 46 –15 - - - - - - 110 48 11 –5 - - 
R15 - - 84 –120 - - 75 27 - - 50 –134 151 –33 70 –31 68 –47 - - 
R16 - - - - - - 19 –120 117 –81 - - 133 66 - - 153 –47 - - 
R17 - - 150 –28 - - 189 –104 85 52 91 –137 181 –22 - - - - - - 
R18 137 44 - - 92 14 - - - - 137 –94 - - 89 49 - - - - 
R19 - - 58 –43 74 –22 109 14 - - 123 21 - - - - - - 55 –20 
R20 51 –72 72 0 - - 142 –6 73 –67 - - 116 23 97 68 - - 100 58 
R21 94 –46 58 –35 - - 140 70     - - 73 –73 - - - - - - 
R22 - - 84 –68 - - 74 –91 146 –77 - -     - - - - - - 
Max 144 59 150 97 143 14 189 99 156 137 137 49 200 66 114 68 154 26 100 58 
Min 13 –96 23 –121 15 –71 0 –190 34 –167 50 –137 16 –82 22 –100 11 –47 55 –20 
Average 80 –14 90 –30 74 –34 88 –27 102 –62 98 –59 127 2 69 –2 98 –17 75 20 
Stdev 46 57 36 61 48 33 52 74 38 98 34 88 54 52 32 54 57 24 16 30 
Median 88 –21 84 –32 74 –38 75 –17 110 –81 91 –94 131 20 62 8 120 –14 69 29 
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Table C11. Starting point (X1) and end point (X2) of the zone of influence for PM2.5 at ten TIs during each of the 22 runs of Set1 in stop– and go- driving 
conditions. 
  
Run No 
TI1 TI2 TI3 TI4 TI5 TI6 TI7 TI8 TI9 TI10 
X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 
R1 110 75 112 0 - - - - - - - - 115 40 - - - - 95 22 
R2 46 -165 - - - - 169 67 92 -157 115 20 - - - - - - 79 31 
R3 115 -14 - - 93 10 - - 0 94 - - 119 -43 60 -30 - - - - 
R4 - - 97 -62 51 -61 - - 74 -25 - - - - 47 0 56 0 - - 
R5 - - 95 54 143 43 - - - - - - - - - - - - 46 0 
R6 - - - - - - 112 -16 - - - - - - 76 -88 65 -7 - - 
R7 178 27 - - - - - - - - - - - - - - 126 94 - - 
R8 122 22 - - - - 162 82 - - - - 107 49 125 -77 - - - - 
R9 - - - - - - 155 22 - - - - 32 -43 - - 37 0 49 34 
R10 - - 91 17 - - 125 57 - - - - - - - - - - 78 -12 
R11 50 -14 126 44 - - 183 48 21 -39 - - - - - - 25 -13 - - 
R12 101 -112 - - - - 82 46 - - - - 171 160 - - - - 70 -23 
R13 - - - - - - - - 161 -81 - - - - 70 -44 - - - - 
R14 - - 137 97 - - 54 17 - - - - - - 91 52 119 -25 - - 
R15 - - 40 -57 - - 154 69 - - 50 -194 164 -71 138 -46 68 -34 - - 
R16 - - - - - - 164 79 161 -81 - - 150 54 - - 44 -47 - - 
R17 - - 65 -38 - - 194 74 74 0 - - 109 -49 - - - - - - 
R18 137 32 - - 79 19 - - - - - - - - 121 0 - - - - 
R19 - - 38 -13 62 -33 88 56 - - 133 -10 - - - - - - 94 -11 
R20 74 -72 96 -22 - - 142 0 83 -46 - - 138 27 196 35 - - 96 44 
R21 62 0 59 0 - - 160 70 - - - - - - - - - - - - 
R22 - - 61 -7 - - - - - - - - - - - - - - - - 
Max 178 75 137 97 143 43 194 82 161 94 133 20 171 160 196 52 126 94 96 44 
Min 46 -165 38 -62 51 -61 54 -16 0 -157 50 -194 32 -71 47 -88 25 -47 46 -23 
Average 100 -22 85 1 86 -4 139 48 83 -42 99 -61 123 14 103 -22 68 -4 76 11 
Stdev 42 73 32 46 36 42 41 31 57 73 44 116 41 73 47 48 37 43 20 25 
Median 106 -7 93 -4 79 10 155 57 79 -43 115 -10 119 27 91 -30 61 -10 79 11 
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Table C12. Starting point (X1) and end point (X2) of the zone of influence for PM1 at ten TIs during each of the 22 runs of Set1 in stop– and go- driving 
conditions. 
Run No TI1 TI2 TI3 TI4 TI5 TI6 TI7 TI8 TI9 TI10 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 
R1 115 79 103 0 - - - - - - - - 107 40 - - - - 113 10 
R2 46 -135 - - - - 190 0 145 -157 156 44 - - - - - - 87 27 
R3 69 22 - - 24 16 - - 34 -88 - - 119 -43 50 -17 - - - - 
R4 - - 87 -40 51 -92 - - 49 -4 - - - - 42 0 50 0 - - 
R5 - - 83 -15 158 -36 - - - - - - - - - - - - 97 -23 
R6 - - - - - - 194 -16 - - - - - - 53 -60 117 19 - - 
R7 153 70 - - - - - - - - - - - - - - 126 115 - - 
R8 110 29 - - - - 186 72 - - - - 164 18 104 -77 - - - - 
R9 - - - - - - 155 40 - - - - 125 
-
137 
- - 22 8 54 27 
R10 - - 99 -51 - - 146 69 - - - - - - - - - - 68 -12 
R11 31 40 126 54 - - 183 48 0 74 - - - - - - 20 -7 - - 
R12 127 -112 - - - - 90 17 - - - - 134 15 - - - - 62 -16 
R13 - - - - - - - - 40 -60 - - - - 70 -30 - - - - 
R14 - - 112 100 - - 54 16 - - - - - - 81 52 22 -64 - - 
R15 - - 35 -32 - - 59 27 - - 50 -194 164 -93 - - 60 -47 - - 
R16 - - - - - - 158 83 40 -60 - - 149 48 - - 32 -47 - - 
R17 - - 106 36 - - 183 38 63 0 - - - - - - - - - - 
R18 81 18 - - 79 19 - - - - - - - - 129 0 - - - - 
R19 - - 34 0 86 -12 86 57 - - 133 -43 - - - - - - 84 0 
R20 127 -72 96 -22 - - - - 100 14 - - 157 33 190 18 - - 96 30 
R21 62 28 59 14 - - 139 70 - - - - - - - - - - - - 
R22 - - 38 5 - - - - - - - - - - - - - - - - 
Max 153 79 126 100 158 19 194 83 145 74 156 44 164 48 190 52 126 115 113 30 
Min 31 -135 34 -51 24 -92 54 -16 0 -157 50 -194 107 
-
137 42 -77 20 -64 54 -23 
Average 92 -3 82 4 80 -21 140 40 59 -35 113 -64 140 -15 90 -14 56 -3 83 5 
Stdev 40 75 32 43 50 46 51 30 45 71 56 120 22 69 50 42 43 56 20 21 
Median 96 25 92 0 79 -12 155 40 45 -32 133 -43 142 17 76 -9 41 -4 86 5 
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Table C13. Starting point (X1) and end point (X2) of the zone of influence for PM10 at ten TIs during each of the 22 runs of Set1 in multiple stopping driving 
conditions. 
Run No TI1 TI2 TI3 TI4 TI5 TI6 TI7 TI8 TI9 TI10 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 
R1 - - - - - - 103 28 - - - - - - 
- - 177 -133 - - 
R2 - - - - - - - - - - - - 124 -17 - - 158 -37 - - 
R3 - - - - - - - - - - - - - - - - - - - - 
R4 - - - - - - - - - - - - 185 -11 - - - - - - 
R5 - - - - - - 70 -50 - - - - 150 55 - - 148 13 - - 
R6 - - 98 -34 - - - - - - - - - - - - - - - - 
R7 - - 140 10 - - 138 -35 - - - - 200 77 - - - - - - 
R8 - - 204 0 - - - - - - - - - - - - - - - - 
R9 - - 102 -80 - - - - - - - - - - - - - - - - 
R10 - - - - - - - - - - - - - - - - - - - - 
R11 - - - - - - - - - - - - 143 -41 - - - - - - 
R12 - - - - - - - - - - - - - - - - - - - - 
R13 - - 132 11 - - - - - - - - - - - - - - - - 
R14 - - - - - - - - - - - - - - - - - - - - 
R15 - - - - - - - - - - - - - - - - - - - - 
R16 - - - - - - - - - - - - - - - - - - - - 
R17 - - - - - - - - - - - - - - - - - - - - 
R18 - - - - - - - - 184 -70 - - 139 27 - - - - - - 
R19 190 -26 - - - - - - - - - - 138 18 - - - - - - 
R20 - - - - - - - - - - 102 0 - - - - 86 15 - - 
R21 - - - - - - - - 111 -79 - - - - - - - - - - 
R22 - - - - - - - - - - - - - - - - - - - - 
Max 190 -26 204 11 - - 138 28 184 -70 102 0 200 77 0 0 177 15 0 0 
Min 190 -26 98 -80 - - 70 -50 111 -79 102 0 124 -41 0 0 86 
-
133 0 0 
Average 190 -26 135 -19 - - 104 -19 148 -75 102 0 154 15 - - 142 -36 - - 
Stdev - - 43 39 - - 34 41 52 6 - - 28 42 - - 39 69 - - 
Median 190 -26 132 0 - - 103 -35 148 -75 102 0 143 18 - - 153 -12 - - 
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Table C14. Starting point (X1) and end point (X2) of the zone of influence for PM2.5 at ten TIs during each of the 22 runs of Set1 in multiple stopping driving 
conditions. 
  
Run No TI1 TI2 TI3 TI4 TI5 TI6 TI7 TI8 TI9 TI10 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 
R1 - - - - - - 76 0 - - - - - - - - 168 -8 - - 
R2 - - - - - - - - - - - - 105 -10 - - 143 0 - - 
R3 - - - - - - - - - - - - - - - - - - - - 
R4 - - - - - - 174 44 - - - - 97 -11 - - - - - - 
R5 - - - - - - 49 26 - - - - 176 34 - - 169 39 - - 
R6 - - 77 13 - - - - - - - - - - - - - - - - 
R7 - - 126 20 - - 197 -35 - - - - 196 44 - - - - - - 
R8 - - 182 -13 - - - - - - - - - - - - - - - - 
R9 - - 96 14 - - - - - - - - - - - - - - - - 
R10 - - - - - - - - - - - - - - - - - - - - 
R11 - - - - - - - - - - - - 54 -52 - - - - - - 
R12 - - - - - - - - - - - - - - - - - - - - 
R13 - - 55 -9 - - - - - - - - - - - - - - - - 
R14 - - - - - - - - - - - - - - - - - - - - 
R15 - - - - - - - - - - - - - - - - - - - - 
R16 - - - - - - - - - - - - - - - - - - - - 
R17 - - - - - - - - - - - - - - - - - - - - 
R18 - - - - - - - - 148 -21 - - 180 0 - - - - - - 
R19 133 -23 - - - - - - - - - - 175 55 - - - - - - 
R20 - - - - - - - - - - - - - - - - 66 28 - - 
R21 - - - - - - - - 32 -80 - - - - - - - - - - 
R22 - - - - - - 187 34 - - - - - - - - - - - - 
Max 133 -23 182 20 - - 197 44 148 -21 - - 196 55 0 0 169 39 0 0 
Min 133 -23 55 -13 - - 49 -35 32 -80 - - 54 -52 0 0 66 -8 0 0 
Average 133 -23 107 5 - - 137 14 90 -51 - - 140 9 - - 137 15 - - 
Stdev - - 49 15 - - 69 32 82 42 - - 54 38 - - 49 22 - - 
Median 133 -23 96 13 - - 174 26 90 -51 - - 175 0 - - 156 14 - - 
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Table C15. Starting point (X1) and end point (X2) of the zone of influence for PM1 at ten TIs during each of the 22 runs of Set1 in multiple stopping driving 
conditions. 
Run No TI1 TI2 TI3 TI4 TI5 TI6 TI7 TI8 TI9 TI10 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 X1 X2 
R1 - - - - - - 76 -40 - - - - - - - - 168 0 - - 
R2 - - - - - - - - - - - - 150 -5 - - 137 0 - - 
R3 - - - - - - - - - - - - - - - - - - - - 
R4 - - - - - - 174 36 - - - - 113 0 - - - - - - 
R5 - - - - - - 83 11 - - - - 155 21 - - 161 23 - - 
R6 - - 98 -17 - - - - - - - - - - - - - - - - 
R7 - - 162 -12 - - 197 -35 - - - - - - - - - - - - 
R8 - - 100 22 - - - - - - - - - - - - - - - - 
R9 - - 89 17 - - - - - - - - - - - - - - - - 
R10 - - - - - - - - - - - - - - - - - - - - 
R11 - - - - - - - - - - - - - - - - - - - - 
R12 - - - - - - - - - - - - - - - - - - - - 
R13 - - - - - - - - - - - - - - - - - - - - 
R14 - - - - - - - - - - - - - - - - - - - - 
R15 - - - - - - - - - - - - - - - - - - - - 
R16 - - - - - - - - - - - - - - - - - - - - 
R17 - - - - - - - - - - - - - - - - - - - - 
R18 - - - - - - - - 136 61 - - 186 0 - - - - - - 
R19 127 -54 - - - - - - - - - - 175 60 - - - - - - 
R20 - - - - - - - - - - - - - - - - 76 24 - - 
R21 - - - - - - - - 26 -21 - - - - - - - - - - 
R22 - - - - - - 74 0 - - - - - - - - - - - - 
Max 127 -54 162 22 - - 197 36 136 61 0 0 186 60 0 0 168 24 0 0 
Min 127 -54 89 -17 - - 74 -40 26 -21 0 0 113 -5 0 0 76 0 0 0 
Average 127 -54 112 3 - - 121 -6 81 20 - - 156 15 - - 136 12 - - 
Stdev - - 34 20 - - 60 32 78 58 - - 28 27 - - 42 14 - - 
Median 127 -54 99 3 - - 83 0 81 20 - - 155 0 - - 149 12 - - 
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Figure D1 Comparison of measured and predicted PNCs in nucleation 
mode by CAL3QHC at 3-way (a) and (g) 4-way TI. Similar results by using CALINE4 are 
presented in (d) for 3-way and in (j) for 4-way TI. (b) and (h)  shows a comparison of PNCs 
predicted by CAL3QHC and measured PNCs based on wind direction. (e) and (k) shows the 
similar results for CALINE4. (c) and (i) shows the comparison between PNCs predicted by 
CAL3QHC and measured PNCs based on wind direction. (f) and (l) shows the similar 
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comparison for CALINE4.  Blue dotted line represents 1:1 line and grey solid lines represent 
FAC2 lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D2 Comparison of measured and predicted PNCs in accumulation mode by CAL3QHC 
at 3-way (a) and (g) 4-way TI. Similar results by using CALINE4 are presented in (d) for 3-
way and in (j) for 4-way TI. (b) and (h)  shows a comparison of PNCs predicted by CAL3QHC 
and measured PNCs based on wind direction. (e) and (k) shows the similar comparison of PNCs 
predicted by CALINE4. (c) and (i) shows the comparison between PNCs predicted by 
CAL3QHC and measured PNCs based on wind direction. (f) and (l) shows the similar 
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comparison for CALINE4.  Blue dotted line represents 1:1 line and grey solid lines represent 
FAC2 lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D3. Comparison of measured and total PNCs predicted by CAL3QHC and CALINE4 
at four different heights i.e. 1.0, 1.5, 2.5 and 4.7 m for 3-way TI. Blue dotted line represents 
1:1 line and grey solid lines represent FAC2 lines. 
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Figure D4. Comparison of measured and total PNCs predicted by CAL3QHC and CALINE4 
at four different heights i.e. 1.0, 1.5, 2.5 and 4.7 m for 4-way TI. Blue dotted line represents 
1:1 line and grey solid lines represent FAC2 lines. 
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Figure D5. Comparison of measured and nucleation mode PNCs predicted by CAL3QHC and 
CALINE4 at four different heights i.e. 1.0, 1.5, 2.5 and 4.7 m for 3-way TI. Blue dotted line 
represents 1:1 line and grey solid lines represent FAC2 lines. 
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Figure D6. Comparison of measured and nucleation mode PNCs predicted by CAL3QHC and 
CALINE4 at four different heights i.e. 1.0, 1.5, 2.5 and 4.7 m for 4-way TI. Blue dotted line 
represents 1:1 line and grey solid lines represent FAC2 lines. 
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Figure D7. Comparison between measured and predicted PNCs in accumulation mode by (a) 
CAL3QHC and (b) CALINE4 at height of 1.0, 1.5, 2.5 and 4.7 m. (c) comparison of the vertical 
profile of PNCs predicted by CAL3QHC and CALINE4 with the monitored profile. Blue 
dotted line represents 1:1 line. 
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Figure D8. Comparison of measured and PNCs in accumulation mode predicted by CAL3QHC 
and CALINE4 at four different heights i.e. 1.0, 1.5, 2.5 and 4.7 m for 3-way TI. Blue dotted 
line represents 1:1 line and grey solid lines represent FAC2 lines. 
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Figure D9. Comparison of measured and  PNCs in accumulation mode predicted by CAL3QHC 
and CALINE4 at four different heights i.e. 1.0, 1.5, 2.5 and 4.7 m for 4-way TI. Blue dotted 
line represents 1:1 line and grey solid lines represent FAC2 lines. 
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